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ABSTRACT 
In New Zealand, there has been little use of epoxy bonded steel connections in 
the timber construction industry due to the lack of knowledge and experiences about the 
performance. A research w~s carried out both experimentally and theoretically to study 
the epoxy bonded steel connections in glue laminated timber. This research provides a 
better understanding of the mechanical and physical properties of such connections in 
tension, subjected to short and long duration load, with variables of embedment length, 
bar diameter, edge distance, hole diameter, moisture content, steel bar type and epoxy 
type. 
In the study, five different failure modes were identified. A theoretical three 
dimensional model was established using a finite element method. The characteristics 
of the connection, the three dimensional stress distributions and the effect of the 
variables in the connections were studied using this model. The study shows that there 
is a strong correlation between the failure modes and the stress concentrations. It is 
possible to optiniise the design of the connections by developing a better geometry. 
The study also shows that the connections can be used safely in timber structures 
provided the moisture content of wood does not exceeding 22%. 
Empirical equations were developed to predict the axial capacity of the 
connection in tension or compression. 
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NOTATION 
a =short edge of the cross-section of the specimen (mm) 
A = cross-section area of the specimen (mm2) 
As = cross section area of the steel rod (mm2) 
Aw = net area of wood cross section (mm2) 
b = long edge of the cross-section of the specimen (mm) 
d =nominal steel rod diameter (mm) 
dh = inner end hole diameter of the steel rod (mm) 
dr = diameter of the steel rod for transverse reinforcement in the connection (mm) 
ds = diameter of the circumference where the strain gauges are located (mm) 
dcx/dt =time rate of damage accumulation 
e = edge distance of the specimen measured from the centre of the steel rod (mm) 
E = modulus of elasticity of material (GPa) 
Ea = modulus of elasticity of the epoxy (GPa) 
EL = modulus of elasticity of glulam timber in longitudinal direction (GPa) 
ER = modulus of elasticity of glulam timber in radial direction (GPa) 
Es = modulus of elasticity of the steel (GPa) 
ET = modulus of elasticity of glulam timber in tangential direction (GPa) 
Ew = modulus of elasticity of the wood (GPa) 
f = general function defining the cumulative damage function 
F = pullout force in the short duration experiments - ultimate tensile load (kN) 
ft = characteristic tensile strength of glulam timber (MPa) 
fy = characteristic yield strength of steel (MPa) 
G = shear modtllus (GPa) 
GLR -= modulus of rigidity in glulam timber at the associated plane (GPa) 
GLT = modulus of rigidity in glulam timber at the associated plane(GPa) 
GRT = modulus of rigidity in glulam timber at the associated plane(GPa) 
h = embedment hole diameter (mmY 
hr = hole diameter of the transverse reinforcement in the connection (mm) 
K =constant 
xvi 
kb = bar type factor 
ke = epoxy type factor 
km = moisture influence factor 
kw = stress concentration factor 
kt =duration of load factor in NZS3603:1993 
1 = embedment length of the specimen (mm) 
L = length of the glulam timber in the specimen (mm) . 
Lr = length of loading frame for Experiment Three (mm) 
lh = depth of the hole at the inner end of the steel rod (mm) 
lm = distance between two inner embedment ends (mm) 
Is = embedment length at the support end of the specimen (mm) 
lt = embedment length at the test end of the specimen (mm) 
M = moisture content (~) 
n = number of steel rod 
nt =number of the observations in the first sample of the experiment 
n2 = number of the observations in the second sample of the experiment 
N* = design axial force produced by the strength limit state design loads (N) 
P = applied tensile force in the finite element model (N) 
Ps =sustained tensile load in long duration test (kN) 
Qn = norminal axial strength of the connection 
R = equivalent radius of the cross-section of the finite element model (mm) 
r
2 
=coefficient of simple determination (0 ~ r2 ~ 1) 
re- = ratio of the edge distance to steel rod diameter 
rh = ratio of the embedment hole diameter to steel rod diameter 
RH =average relative humidity 
rss = stress ratio in steel 
rsw = stress ratip in wood 
sr
2 
=standard deviation of the observations in the first sample 
sl = standard deviation of the observations in the second sample 
t =a certain time period 
T =average temperature 
te = epoxy thickness (mm) 
Ux =displacement in the direction parallel to the x-axis of the finite element model 
xvii 
uy = displacement in the direction parallel to the y-axis of the finite element model 
Uz = displacement in the direction parallel to the z-axis of the finite element model 
Ws = ratio of wood to steel in the cross-section of the finite element model 
x = variable in the finite element model 
Xt = mean of observations in the first sample 
Xz = mean of observations in the second sample 
y = variable in the finite element model 
z = variable in the finite element model 
a = damage parameter 
'YLv = surface tension at the interface of the liquid phase and vapour phase 
'YsL = surface tension at the interface of the solid phase and liquid phase 
'Ysv = surface tension at the interface of the solid phase and vapour phase 
.1.P = difference of tensile force over a small length .1.z (N) 
.1.z = length of the small region between the strain gauges (mm) 
e = tensile strain 
v =Poisson's ratio 
VLR =Poisson's ratio for the passive strain in radial direction and the active strain in 
longitudinal direction of glulam timber 
VLT =Poisson's ratio for the passive strain in tangential direction and the active 
strain in longitudinal direction of glulam timber 
VRL =Poisson's ratio for the passive strain in longitudinal direction and the active 
strain in radial direction of glulam timber 
VRT =Poisson's ratio for the passive strain in tangential direction and the active 
strain in radial direction of glulam timber 
VTL =Poisson's ratio for the passive strain in longitudinal direction and the active 
strain in t!lngential direction of glulam timber 
VTR ·=Poisson's ratio for the passive strain in radial direction and the active strain in 
tangential direction of glulam timber 
cr = stress (MPa) 
O'i = average applied stress ratio within the interval of time .1.ti 
O'nz = nominal tensile stress of the reference model (MPa) 
O'r = stress ratio in the damage accumulation model 
xviii 
O'x = tensile stress in x direction of the model coordinate (MPa) 
cry = tensile stress in y direction of the model coordinate (MPa) 
O'z = tensile stress in z direction of the model coordinate (MPa) 
't = average shear stress along the embedment length (MPa) 
'tnyz = nominal shear stress of the reference model at the y-z plane of the model 
coordinate (MPa) 
'txy =shear stress in x-y plane of the model space (MPa) 
'txz = shear stress in x-z plane of the model space (MPa) 
'tyz = shear stress in y-z plane of the model space (MPa) 
<I> = strength reduction factor 
<I> Qn = design strength of the connection 
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1.1 BACKGROUND 
Timber building structures are widely used in many countries around the world. 
In New Zealand, they are not only used dominantly in residential houses but also in 
large industrial and commercial buildings. 
In timber structures, connections play an important role in load transformation. 
Developing strong and reliahle connections is the key to ensure the safety of structures. 
There are many types of connections used in timber structures. This study will focus 
only on the epoxy bonded steel connection. 
The epoxy bonded steel connection is the connection of the timber members by 
placing a threaded or deformed reinforcing steel bar into predrilled holes in the timber 
members and bonding with epoxy resin. This connection has been used in Europe for 
over twenty years. In New Zealand, there has been little use of this connection in the 
timber construction industry; an early use was in the construction of timber classroom 
buildings (Mcintosh, 1989). Two of recent uses include the swimming pool building 
(Buchanan and Fletcher, 1989) and space frame roof (NZ Journal of Timber 
Construction, 1986). The lack of use of the epoxy bonded steel connection in New 
Zealand arise out of lack of knowledge and experience about performance. 
fhe .epoxy bonded steel connection has many advantages over other types of 
connections: (1) the embedded steel bar with the epoxy bonding agent allows a strong 
connection to be made with increased stiffness of the joint; (2) the epoxy adhesive can 
provide a bond stronger than the timber so that the full strength of the timber can be 
utilised; (3) the steel components are protected from corrosion by the timber member; 
and (4) the structure can still retain its excellent aesthetic appeal. 
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The first study on the adhesive bonded steel connection in glulam timber was 
carried out by Riberholt in the 1970's (1986, 1988a). Although the connection has been 
used for quite a long time, the performance, the stress distribution, the rheological 
properties, the effect of load duration, environmental conditions, etc. are neither 
theoretically nor empirically fully understood. 
1.2 OBJECTIVES 
The objectives of this study are: 
1. To experimentally study the mechanical and physical properties of the epoxy 
bonded steel connection subjected to short or long duration tensile load under 
different environmental conditions. 
2. To study the failure modes with different load duration and environmental 
conditions in the experiments. 
3. To develop an equation to predict the strength of the connection. 
4. To establish a theoretical model of the connection using the finite element method 
and carry out a parametric study based on the model to better understand the 
connection mechanism and geometry influences. 
1.3 STUDY DESIGN 
In order to achieve the above objectives, the study was designed and outlined as 
follows: 
1. Conduct experiments to understand the failure mode and tensile strength of the 
connection subjected to short duration tensile load. 
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2. Carry out a long duration experiment to understand the failure mode, the effect of 
load duration, rheological behaviour and environment effects of the connection. 
3. Study the in situ shrinkage of glulam timber columns with changes in moisture 
content. 
The experimental work includes five individual experiments and shows in Table 1.1 
Table 1.1 The summary of the experiments carried out in this study 
Experiment 
Experiment 
One 
Experiment 
Two 
Experiment 
Three 
Experiment 
Four 
in situ 
Measurement 
Load 
Duration 
short 
short 
long 
short 
long 
Brief Description 
2 7 factorial experiment to investigate the 
strength and failure mode · of the 
connection, including seven parameters. 
34 factorial experiment to further study 
the strength and failure mode, including 
four parameters. 
The specimens are subjected to sustained 
tensile loading with wet-cycling or dry 
environmental condition to study the 
effect of load duration, rheological 
behaviour and environment effects. 
Study the effect of transverse 
reinforcement to avoid wood splitting 
around the connection. 
Measurement of moisture content and 
shrinkage in glulam columns m a 
swimming pool building. 
Number of 
Specimens 
128 
81 
48 
8 
14 
4. Analyse the results from the short duration tensile load experiments and develop 
an empirical equation to calculate the capacity of the connection. 
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5. Analyse the results of the long duration experiment. 
6.. Establish a theoretical model using finite element method and verify it with the 
experiment. 
7. Conduct a parametric study using the finite element model. 
The study is described in detail in the following chapters. 
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2.1 VARIOUS CONNECTIONS IN TIMBER STRUCTURES 
An understanding of the connection behaviour of structural materials, in 
particular timber, is of great importance. The connection is the key to the successful 
design of timber structures. Often, a major constraint on design can be difficulty in 
making good connections, especially moment resisting connections. Several standard 
connections are used in moment~resisting timber frame buildings, including nailed 
. connections (nailed gusset plates made from steel or plywood or a combination of the 
two), bolted connections (the steel bolts by themselves or combined with tooth plates, 
split rings and shear plates), dowel connections, glued connections and adhesive bonded 
steel connections. 
Nailed gusset connections are a common method for making moment-resisting 
joints in industrial buildings as shown in Figure 2.1(a), (b), (c) and (d). A wide range of 
moment resisting nailed connections have been used (Batchelar and Hunt, 1991) and the 
design methods are described by Walford (1989). Various nailed connections are 
discussed and compared in detail by Buchanan and Fairweather (1993). The connections 
are easy to construct, but have poor aesthetic appearance and fire resistance if they are 
not covered by a suitable material (Fairweather, 1992). 
Using steel bolts and shear fasteners, the timber or glulam members also can be 
assembled tp make :a moment-resisting joint. A large variety of these connections exist 
and many have been reviewed recently by several authors (Fairweather 1992, Crews 
1992, 1993). 
6 
(b) (c) (d) (a) 
Figure 2.1 Nailed portal frame knee joint connections (Buchanan and Fairweather, 
1993) 
Dowel connections as shown in Figure 2.2 are a popular type of connection in 
Europe. These connections are att~active and ·easily assembled. The tests conducted by 
Ceccotti and Vignoli (1988) in Italy showed excellent ductile behaviour. Similar 
connections with a steel plate in a central slot were tested in Japan (Komatsu et al., 
1991) as shown in Figure 2.3. However, it is difficult to utilise the full strength of the 
members using this type of connections and problems with splitting failures in service 
have been reported. 
Figure 2.2 Types of dowel joints 
(Ceccotti andVignoli·;· 1988) 
Figure 2.3 Modified moment-resisting joint 
(Komatsu et al. 1991) 
A glued connection is one of the early methods used in timber structures 
(Mcintosh, 1989). This kind of connection can be used to make strong rigid 
connections between glulam members such as the cross-lapped portal frame joint as 
shown in Figure 2.4 (a) and the mitred finger jointed connection in Figure 2.4 (b). The 
connections are widely used in Europe. They have good fire resistance and are 
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attractive, but require very high quality control and must be manufactured in the factory, 
resulting in transportation problems. The connections have poor ductility in terms of 
seismic design (Buchanan and Fairweather, 1993). 
\ 
Crou..f•pped 
pluedjolnt 
(a) 
~~'-'-' 
Fingerjoll{jt 
.',\\\ 
"'" 
(b) 
Figure 2.4 Glued moment-resisting glulam connection (Mcintosh, 1989) 
2.2 ADHESIVE BONDED STEEL CONNECTIONS IN TIMBER 
STRUCTURE 
A number of recently developed adhesives, now provide the opportunity for 
adhesive bonded steel connections in timber or glulam. In broad terms, Wake (1986) 
explained why and in what situations adhesive bonding should be used rather than 
mechanical bonding. One of the most important structural advantages is the reduction 
of peak stresses or stress concentrations. With proper design of adhesive joints a more 
uniform stress distribution throughout the structure can be achieved. However, this~ 
requires a larger bonding surface area compared to the mechanical bonding methods. A 
small bonding area would result in high stress value over the area which would exceed 
the adhesive bondit).g strength. 
According Townsend (1990), the major advantages of using adhesive bonded 
steel connection can be summarised as follows: 
• excellent aesthetic appearance 
• ductile behaviour for seismic design 
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• corrosion resistance 
• excellent performance and high strength 
The connection can be formed by two techniques (Syme, 1987). In the first 
technique, a slightly undersized hole (1 to 2 mm smaller than the threaded rod diameter) 
is used. After half filling the hole with glue, the threaded rod is screwed into the hole 
leaving 10 mm clearance at the end of the hole. With this technique, the amount of the 
glue must be predetermined in order to allow sufficient flow to take place around the 
embedded portion and permit relief of hydrostatic pressure. The disadvantage is that 
splitting can easily occur in timber members as the threaded rod is screwed into the 
holes. In addition, the quality of the connection is very difficult to control because it is 
almost impossible to monitor whether the glue has been properly distributed. In the 
second technique, developed by Riberholt (1986), the rod is placed in an oversized hole 
(1 to 2 mm larger than the threaded rod diameter). Adhesive is injected through an 
"injection hole" into the embedment hole. An "air hole" at the other end of the 
embedment ensures that the adhesive can flow readily around the rod and completely fill 
the embedment hole. It is assumed that an adequate amount of glue has been injected 
once the glue starts being extruded from the "air hole". This technique provides much 
better quality control of the connection. 
2.3 APPLICATION OF ADHESIVE BONDED STEEL CONNECTIONS 
Initially, adhesive bonded steel connections were used mainly for the purpose of 
repairing damaged structures. Gopu (1981) studied the behaviour of cracked pitch 
cambered beams that had been repaired using epoxied radial reinforcement. The results 
of the test program indicate that radial tension stresses in the wood are reduced by ab'out 
45% if reinforcement is utilised, and reinforcing the broken beam can restore the 
original load capacity to that of the unreinforced beam. Law and Yttrup (1989) carried 
out a similar study on the repair of curved glulam beams as shown in Figure 2.5. The 
methods to repair curved beams is similar to the method described by Gopu (1981 ). 
They found that epoxy bonded bolts are stiffer and stronger than bolts alone and have no 
initial slip. Furthermore, the stiffness and strength of the steel bolt bonded with epoxy 
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increases as the epoxy thickness increases. Turkovsky (1991) reported that the use of 
glued-in bars for restoring delaminated beams increased the strength of members 
through the external reinforcement. 
Figure 2.5 
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Repair of a curved glulam beam with epoxied steel dowels (Law and 
Yttrup, 1989) 
During the 1960s, an early use of the adhesive bonded connections in New 
Zealand was in the construction of timber classroom buildings. A simple and robust 
solution, the adhesive bonded threaded steel rod beam-column connection (Figure 2.6) 
was used in glulam structures to meet the demand for new school buildings. The 
connection was formed with a 24 mm diameter threaded steel rod glued into the top of 
the glulam column and, through a hole in the beam. The steel rod was fastened by a nut 
on the top surface of the beam (Mcintosh, 1989). 
Figure 2.6 
24mm threaded steel 
rod set In opoKy glue 
in fop ond of 
135 K 135 glulam post 
Beam-column connection used in timber classrooms (Mcintosh, 1989) 
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Turkovsky (1991) described the Russian application of this kind of connection 
which has been in use since 1975. A modification was made to skew the connection at 
an angle to the grain of wood, so that the stress can be distributed through several 
laminates and gluelines, rather than concentrating the stresses in one laminate or along 
one glueline. The procedure to manufacture the connection is that the inclined holes 
were drilled 4 to 5 mm larger than the bar diameters and the epoxy cement was injected 
into the holes after the bars were placed into the holes. The system has been widely used 
in the former USSR as shown in Figure 2.7 and Figure 2.8, including a lOOm continuous 
multispan beam in the roof of a public centre and the column-foundation connections for 
a 50m span sports hall. 
Figure 2. 7 Knee joint connection 
(Turkovsky, 1991) 
Figure 2.8 Column-foundation connection 
(Turkovsky, 1991) 
Recent examples of application of this connection in New Zealand are described 
by Buchanan and Fletcher (1989) as shown in Figure 2.9 and Figures 2.10. Epoxy 
bonded steel connections were constructed in a sports stadium glulam structures so t,hat 
the requirement of aesthetic app-earance and corrosion resistance of the structures could 
be achieved. 
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Figure 2.9 Epoxied steel conriectio~s used m the entry hall of the sports centre 
(Buchanan and Fletcher, 1989) 
H---- tclnniull thre•4elf relf 
''••ie4 tnle tlute 111 
-"-...---tlul rra.•c4 lfwth 
t~ilh •r•ul tnJteftan lu~es 
(a) Portal base connection 
..... , 
efter 
t•l•..wulf f•ly twee4rl 
'" .,. ... 4 htl• , ..... 
(b) Portal apex connection 
Figure 2.10 Applications ofthe epoxy bonded steel connections (Buchanan and Fletcher, 
1989) 
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Similar connections have been used in Germany and summarised by Gerold 
(1992). In addition, equations to calculate the strength of the connection were 
proposed. 
I 
I 
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Figure 2.11 Various applications of glued-in bolts (Gerold, 1992) 
Another application was in a steel reinforced glulam. timber structure developed 
by Gardner (1989). In this application, epoxy bonded steel reinforcing rods were 
embedded into the upper and lower position of the beam to form a "composite" beam 
section (Figure 2.12). This system improved the strength and stiffhess of the glulam 
members and reduced long duration creep. 
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Figure 2.12 Reinforced glulam timber system (Gardner, 1989) 
2.4 PREVIOUS STUDIES OF ADHESIVE BONDED STEEL CONNECTIONS 
2.4.1 Strength Properties of the Connection 
Riberholt (1986) studied adhesive bonded steel connections in glulam timber. 
His studies included axial short-duration and long-duration loading tests, lateral loading 
tests and some moment resisting tests. The major experiment was concentrated on axial 
short duration loading test. A sketch of the test specimen is shown in Figure 2.13. Four 
major factors were investigated, including glue type, edge distance (b/2 in Figure 2.13), 
embedment length (lg) and steel rod diameter (d). Two type of glues were used, one a 
polyurethane glue, the other araldite AQ 139. 
Riberholt found that tensile strength was higher in the connection usmg 
polyurethane glue than using araldite AW139. For different edge distance, the results 
showed that tension failure in the wood occurred frequently in 1.5d edge distance, but 
not the case for edge distance 2d and above. Riberholt then conducted a regression 
analysis in terms of the embedment length, wood density and steel rod diameter, and two 
equations were derived: 
1. For two-component polyurethane and other ductile glues, 
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FlLt, est= 0.784pd.J"]; (2.1) 
2. For two-component epoxy, phenol-resorcinol and other brittle glues, 
Fax, est = 0.627 pd.J"]; (2.2) 
Where, Fax,est = estimated pullout force of the connection (N) 
d =the bolt diameter (mm) 
lg = the embedment length of the bolt (mm) 
p = the density of the wood (kg/m3) 
·I -------] 
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Figure 2.13 Test specimen of glued bolts in glulam (Riberholt, 1986) 
Riberholt found that the equations are suitable for lg ;;:::: 200 mm. However, for 
shorter embedment lengths, the equations tend to overestimate the axial bolt strength. 
Riberholt (1988a) carried out a similar axial test for another polyurethane glue 
(Cascobond 1852 with hardener 1853). The test results showed that the axial strength 
was similar for two different polyurethane glues. Riberholt's work resulted a proposal 
for the CIB .. Code on glued b~lt in_ glulam (Riberholt, 1988b ). Two· different design 
equations were suggested to correspond to different ranges of the embedment length. 
The design equations for the characteristic axial capacity in tension and compression are 
given by: 
Rax, k = fwspkd.Jj; (lg ;;:::: 200 mm) 
Rax, k = fivtpkd lg (lg < 200 mrri) 
(2.3) 
(2.4) 
where 
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Rax, k = characteristic axial capacity in tension or compression (N) 
fws = strength parameter for equation 2.3 (N/mrnl.5). For brittle glues 
(phenol-resorcinol and epoxy), the value is 0.520. For non-brittle 
glues (two-component polyurethane), the value is 0.650. 
fw1 = strength parameter for equation 2.4 (N/mm). For brittle glues, the 
value is 0.037. For non-brittle glues, the value is 0.046. 
d = maximum of hole or bolt diameter (mrn) 
18 = the embedment length of the bolt (mrn) 
p = the characteristic density of the wood (kg/m3) 
Riberholt also suggested the minimum edge dist.ance and minimum distance between two 
bolts for using the equations 2.3 and 2.4. The values are shown in Figure 2.14. 
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Figure 2.14 Minimum distances for axially loaded bolts (Riberholt, 1988b) 
Townsend (1990) carried out a study with epoxy bonded single bar test 
specimens loaded parallel to the wood grain in tension. The intention of the study was to 
adapt the Danish technology to New Zealand conditions. Five parameters were 
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considered. The parameters included steel bar diameter,. embedment length, edge 
distance, hole diameter and glue type. The pullout forces were studied and an equation 
was derived: 
where F = average pullout force (N) 
d = bar diameter (mm) 
l = embedment length (mm) 
rd = ratio of hole diameter to bar diameter 
(2.5) 
r = ratio of edge distance to bar diameter, where the edge distance is 
e 
measured from the bar centre line 
This equation was deduced from the connections using deformed reinforcing bar 
with Araldite K-2005 epoxy. From the study, it was found that the connections using 
threaded rod had higher pullout strengths than deformed reinforcing bar connections. 
However, because only a few threaded rod connections were tested, it was difficult to 
quantify the difference. 
Townsend (1990) also studied the mechanical properties of the full size beam 
with connection spliced using high strength deformed bars. The splices were either 
connected at mid-span or offset from the beam mid-span point. In both cases, the beams 
were loaded at the mid-span (Figure 2.15). It was concluded that with careful 
formulation and injection process, full strength splices can be achieved in straight glulam 
beams using deformed reinforcing bars epoxied into the glulam members. 
14001400,. 
L: 5500 
St~~l 
d~l 
Figure 2.15 Beam splice testing (Townsend, 1990) 
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Gerold (1992) analysed a large number oftest results and concluded that: 
1. The strength ofthe connection loaded in tension and compression is the same. 
2. Strain measurements along the glued-in bolts confirm that the shear stress 
distribution corresponds with the Volkersen theory (1953, see Figure 2.16). 
3. The axial bolt strength to some extent depends on the wood density. 
4. In general, the axial strength is somewhat higher for bolts glued-in perpendicular to 
the grain direction than parallel to the grain direction. 
/ /l F force 
/c.::::::::~ v 
F-F lg glued length of the 
holt 
A'--L / d bolt diameter )) 
. g 
Components Components 
with equal with different Components with equal stiffness 
stiffness EA stiffness 
I I :~ llllllllffill :::::: I Bond with Bond with Short glued Long glued high stiffness low stiffness length length 
i=l ~ t=j CJ D ~ 
Figure 2.16 Shear stress distribution in a adhesive joint assummg linear elastic 
behaviour of all materials according to the Volkersen (1953) theory 
(Gerold 1992) 
~rews (1993) carded out a research program on epoxy bonded steel connections. 
In the program, short duration tests of spliced connections bonded with Araldite K-80 
epoxy were conducted under a constant bending moment. Crews found that with 
Araldite K-80 epoxy the pullout strength was approximately 15 percent higher than using 
Araldite K2005 epoxy. Based on the equation 2.5, Crews developed a modified form for 
the Araldite K-80 epoxy: 
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(2.6) 
Fairweather (1992) undertook a project to develop and improve beam-column 
connections using epoxy bonded steel rod for multistorey timber construction. Four 
different types of beam-column connections were tested as shown in Figure 2.17 (a), (b), 
(c) and (d). A quasi-static cyclic load in the horizontal direction was applied at the top 
of the column in each specimen to simulate lateral loads on a building due to wind or 
earthquakes. This work indicated that strong and stiff moment resisting connections can 
be made using epoxy bonded steel rods in a variety of different geometries. Excellent 
ductile behaviour can be obtained by preventing brittle fracture of wood. Fairweather 
also found that a single layer of bars at the column centre-line is better than two layers 
because there is less weakening of the column which could lead to premature failure. 
Based on this study, it was concluded that in order to achieve ductility in moment 
resisting connections between glulam members, the steel components must have 
sufficient ductile yielding and proper design procedure must be used to ensure no failure 
would occur in the wood, adhesive or other non-ductile component. 
(a) (b) 
(c) (d) 
Figure 2.17 Four types of connections (Fairweather, 1992) 
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2.4.2 Fire Resistance 
A study on the fire resistance performance of epoxy bonded steel connection was 
carried out by Barber (1994). The study investigated how full-size connections would 
behave at elevated temperatures. Computer modelling was used to analyse heat transfer 
through the charring wood and was validated by two series of tests. In both series, the 
connections were loaded in tension parallel to the wood grain. The first series was 
tested with elevated temperatures ( 40°C to 90°C) by heating the connections in an oven. 
The second was tested in a furnace using full-size members exposed to standard fire 
conditions. The results showed that both West System and Araldite K-80 epoxies had a 
critical temperature of approximately 50°C and the strength decreased rapidly once this 
temperature was reached. The connections failed by pull out due to shear failure within 
the epoxy or loss of bond at the wood epoxy interface as the temperature increased. By 
contrast, the connections failed by tension failure in wood or ~y loss of confinement 
when they were tested at ambient temperature. 
2.4.3 Load Duration and Environment Effects 
Riberholt (1986) has· conducted an on-going long duration experiment 
commencing in 1977. The specimens were tested either under indoor controlled 
conditions or under outdoor climate conditions. The test arrangement for the outdoor 
specimens is shown in Figure 2.18. Riberholt found that the connection bonded with 
the polyurethane appeared to be superior to the connections bonded with araldite for 
sustained constant moment. For polyurethane glued bolts the connections exhibited 
creep deformation, which was at least equal to the initial deformation. The axial pull-
out strength of the connection subjected to long duration load under the outdoor climate 
condition was approximately half of the strength compared to that of the dry specimens 
tested in short duration loading. Riberholt's long duration test results indicated that 
provision of adequate control of moisture content in the timber members was essential 
for long duration loading in harsh environments. 
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Figure 2. 18 Sketch of outdoor spee1m~ns for long duration axial loading test 
(Riberholt, 1986) 
2.5 BRIEF REVIEW OF ADHESION THEORY 
It is beyond the scope of this study to review in detail the various fundamental 
adhesion theories, but some theories will be reviewed briefly to provide some 
background. There are four basic theories on adhesion relevant to the adhesive bonding 
mechanism (Wake, 1982): 
1. The mechanical theory. 
2. The diffusion theory. 
3. The electrostatic theory. 
4. The adsorption theory. 
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The mechanical theory states that the adhesive fills the microcavities on the 
surface, hardens and forms a mechanical interlocking interface between the adhesive 
and adherent. The diffusion theory ascribes that the intrinsic adhesion of high polymers 
to themselves, and to each other, are due to mutual diffusion of polymer molecules 
across the interface. The electrostatic theory suggests that the electrostatic forces arising 
from such contact or junction potentials may contribute significantly to the intrinsic 
adhesion. Finally, the adsorption theory indicates that adhesion is produced from 
molecular contact between the adhesive and adherent in the interface. Based on this 
theory, surface forces are involved in the adhesion, and moreover, where polar 
molecules or groups are used, they are oriented at the interface (Wake, 1982). 
The above four theories are different approaches to explain the adhesion process, 
but it is likely that only one theory dominates the adhesion process depending on the 
technology and material used for adhesive and adherents. Zisman (1963) believed that 
intermolecular force phenomena at the adhesion interface are important and 
fundamental to all adhesive jointing. Bikerman (1968), on the other hand, suggested 
that the manifestation of molecular forces and interactions at the interface are not of 
primary importance. He grouped adhesive joints into three categories, proper joints, 
improper joints and hooking joints. For proper and improper joints, the joints are 
normally formed without significant interpenetration of adhesive into adherent. For 
hooking joints, adhesive acts as a multiple hook after it is fully cured. From Bikerman's 
perspective it is likely that wood belongs to this category and its adhesion is unlikely to 
involve atomic and molecular forces. Therefore, the molecular forces and interactions 
at the interfaces would not be the primary interests. Only the geometry of the 
connection, the texture of the adherents, and other macroscopic and mechanical factors 
need to be considered. 
2.6 ADHESIVES AND ADHESIVE BONDING 
There are many types of adhesives available in the market place, which can be 
classified into three categories according to their rheological properties: thermoplastic, 
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elastomeric and thermosetting adhesives (Houwink and Salomon, 1965). However, in 
this study, only one of thermosetting adhesives - epoxy resin adhesive is of primary 
interest since it has been widely used in civil engineering and has promising potential. 
The following discussion of adhesive and adhesive bonding is concentrated on epoxy 
resin adhesive. 
2.6.1 Basic Characteristics of Epoxy Resin Adhesives 
Olson and Blomquist (1962) described: "The term 'epoxy resin' is a broad one, 
referring to any resin system containing the characteristic single oxygen atom linked 
directly to each of two adjacent carbon atoms on a chain, as in ethylene oxide." Epoxy 
resin forms bond between adherents by curing,which is the chemical joining together of 
small molecules to form large ones. The curing process forms crosslinked polymer 
structures with better heat and mechanical resistance than hot melt or solvent-type 
adh.esive systems. The curing process is an irreversible reaction that results in a 
thermoset resin. This reaction does not involve condensation polymerisation, therefore 
no low-molecular-weight substance, such as water, is produced during the curing 
process (Houwink and Salomon,1965). For this reason, the shrinkage that takes place 
during cure is slight, and this is one of the properties that makes epoxy resins especially 
valuable as adhesives. For adhesive bonded connections in timber or glulam, it is 
essential to avoid the shrinkage of glue. 
There are many reasons which make the epoxy adhesives popular. Preiswerk 
(1950) described major advantages as follows: 
1. A minimum of shrinkage during hardening. 
2. High adhesion to most ma~erials. 
3. Practically no elimination of fugitive materials. 
4. High mechanical strength. 
5. Resistance to most common chemicals. 
6. Good dielectric properties. 
Furthermore, Kinloch (1983) also described some properties in favour of epoxy resins: 
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1. Epoxy resin normally has a sufficiently low viscosity to flow over a substrate 
surface without the need to employ solvents. 
2. Its polar material characteristics assist in removing atmospheric contamination on 
the surface of substrate and increase the degree of intrinsic adhesion. 
3. Various curing agents can be used to give a wide range of possible times and 
temperatures for the curing reaction. 
4. Low thermal contraction on curing. 
5. Ability to bond dissimilar materials. 
2.6.2 Epoxy Bonding to the Wood 
Williamson and Nearn (1958) studied the relationship of wood species to the 
effectiveness of an epoxy adhesive wood-to-wood bond, measured as the load capable 
of being sustaining in tension perpendicular to the glue line. Four adhesives and nine 
species were used for the experiment. One of adhesives was a resorcinol resin used for 
control specimens. For each combination of adhesive and species, two temperatures 
were used. The major findings from the experiment are listed as follows: 
1. One of three epoxy formulations proved unsuitable for use as a wood adhesive. 
2. There is no well-defined species preference among these adhesives when used to 
bond woods of high strength (Redwood, a low-strength timber, is a possible 
exception). 
3. An increase in the curing temperature does not cause a significant improvement in 
the bond strength. In some instances, the bond strengths of these epoxy 
formulations decreased as a result of an increase in curing temperature. 
4. The water re~istance of the bond is improved with an increase in the curing 
temperature. However, the epoxies used are not water resistant when cured at 
room temperature. 
Olson and Blomquist (1962) developed epoxy formulations, including Forest 
Products Laboratory (FPL) Formula 16, that appeared capable of withstanding severe 
exposure condition, as determined from preliminary 120-h-boil and soak-dry test. 
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Excellent strength remained after 120 hours in boiling water for plywood test specimens 
glued with epoxy adhesive using diethylenetriamine as the hardener at the room 
temperature. The timber used was yellow birch. 
Caster (1980) described that wood specimens bonded with two epoxy adhesives 
performed comparably to solid-wood specimens. The epoxy bonded specimens 
performed even better than specimens bonded with phenol-resorcinol-formaldehyde and 
phenol-formaldehyde adhesives during both accelerated ageing in the automatic boil 
test, and in 11 years of exterior exposure in Mississippi, California, and Washington. 
Vick and his co-workers (1995) carried out a study to explore chemical primers 
as a means of improving the durability of epoxy bonds to wood. Their work led to the 
discovery of an hydroxymethylated resorcinol (HMR) coupling agent that appears to 
bond chemically to both epoxy adhesive and·Jignocellulosics _of wood. They reported 
that epoxy adhesive diluted with benzyl alcohol developed structural bonds on the 
HMR-primed lumber that met the 5% delamination requirement of ASTM Specification 
D 2559. 
These various researches confirm that epoxy resin as an adhesive can provide 
outstanding performance in durability, mechanical strength and resistance to chemicals 
when compared with most other adhesives. This is the reason why it has become the 
first choice of adhesive for structural applications in civil engineering. 
It is emphasised that not every epoxy formulation is suitable as a wood adhesive, 
and tests may be required to obtain adequate information. The properties of an epoxy 
adhesive in a glued joint, as well as the adhesion to a particular adherent depend on the 
whole adhesive composition, viz. the type of resin, the curing agent, fillers and 
modifiers. Equally, the properties of·adhesives become meaningful only when related to 
a particular adherend in a particular use. "Bond strength" data is of limited value unless 
accompanied by complete data such as type of species of wood, type of joint, curing 
temperature etc. 
2.7 CHARACTERISTICS OF WOOD AS AN ADHERENT RELATED TO 
ADHESIVE BONDING 
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Many chemical and physical properties of adherents relate to the strength of 
adhesive bonding. However, only a few of such properties will have major influence to 
the strength of adhesive bonding in the connection. The chemical adhesive bond in the 
interface of steel and epoxy is not critical since a "threaded-nut-like" mechanical 
connection can be formed when the epoxy adhesive is fully cured. Therefore, the 
properties of steel with regard to adhesive bonding are not of critical interest to this 
thesis. Some wood properties relevant to adhesive bonding, such as surface roughness, 
time-dependent behaviour, and environmental effects will be discussed below. 
2.7.1 Surface Roughness 
Marian and co-workers (1958) defined three degrees of surface texture of wood: 
1. A surface formed only by anatomic structure - first degree texture. 
2. A surface resulting from the action of different cutting (machining) 
characteristics of wood components and of machining variables - second degree 
texture. 
3. A texture resulting from incidental machine variables, some uncontrollable 
factors, such as vibrations - third degree texture. 
The investigation of surface roughness of five types of machined surface was 
conducted using the electrical stylus-tracer procedure. The five types of surfaces 
representing increasing degrees of roughness were tested in terms of the strength of butt 
and scarf joints. The roughest surfaces gave the strongest adhesive bonding and joint 
strength increases with surface roughness until a point is reached that simultaneously 
decreasing strength and increasing porosity cause the wood to fail. 
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2.7.2 Time Dependent Behaviour 
The time dependent behaviour of wood has been widely observed and studied 
(Bodig and Jayne, 1982). This time dependent behaviour of wood can be explained by 
its viscoelastic nature. Like many other viscoelastic materials, wood exhibits both 
elastic and viscous behaviour when subjected to load. Rheology is the study of time 
dependent deformation and flow of material resulting from the application of deforming 
forces (Pentoney and Davidson, 1962). From the mechanical point of view, the 
influence of time on the stress-strain characteristics of a viscoelastic material can be 
reflected in the three dimensional stress-strain-time diagram (Bodig and Jayne, 1982). 
The rheological of wood may be characterised by linear viscoelastic behaviour in which 
the elastic effects obey Hooke's Law and viscous effects are Newtonian. During creep 
the total deformation (or total creep) 01 can be expressed by the sum of three 
components, based on linear viscoelastic theory: an elastic part Oe, a delayed elastic part 
Ode. and a viscous component 8v: 
Ot = oe + ode + ov (2.7) 
The elastic deformation component Oe is an instantaneous deformation upon loading and 
is recoverable. The delayed elastic deformation 8de is time-dependent and is recoverable 
with time, while the viscous deformation is permanent and irrecoverable. Stress 
relaxation is governed by the same time dependent characteristics of the material as 
creep. While the total deformation during stress relaxation is kept constant, the 
magnitude of the elastic, delayed elastic and viscous components alters as time 
progresses. Initially all the deformation is elastic. With elapsing time, the elastic 
deformation subsides as the delayed elastic and viscous components respond. At any 
particular time, however, the sum of the three deformation components is constant. 
Removal of the residual forces reduces instantaneously the elastic deformation to zero. 
Several different approaches have been developed to model creep rupture 
phenomena of wood. The fracture mechanics approach has been particularly successful 
in analysing the fracture process where dominant features, such as a pre-existing crack, 
can be identified. 
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Damage accumulation theory offers a popular approach to describe load duration 
characteristics. The general form of the damage accumulation theory can be written as 
follows (Hwang and Han, 1986): 
da dt = f(ar,T,M , ... ) (2.8) 
where a is a damage parameter, da/dt reflects the rate of damage accumulation, f is the 
general function defining da/dt in terms of stress ratio O'r, temperature T, moisture M, 
and any other factors that may influence failure. The damage parameter a is defined 
between 0 to 1. 0 implies no damage, 1 indicates total failure. 
The cumulative damage theory has been adapted to analyse creep rapture by 
several researchers (Barrett and Foschi, 1978a, 1978b; Foschi and Barrett, 1982; Fridley 
et al., 1991; Gerhards, 1979; Gerhards and Link, 1987; Nielsen and Kousholt, 1980). 
These previous researches indicate that it is possible to model the rheological behaviour 
of wood and predict the duration of load using the cumulative damage theory. 
However, creep in wood is an extremely complex physical phenomenon and is affected 
by many variables including moisture, temperature, species, grain direction, loading 
conditions and wood natural variability. Some understanding of this phenomenon and 
the cumulative damage theory would certainly be of benefit to the study of the adhesive 
bonded connection, but intensive study of time dependent behaviour of wood, in 
addition to adhesive bonding, is beyond the scope of this study. 
Much of the existing data for long duration behaviour of wood was collected 
from bending tests; these results seem to represent member and structural behaviour 
rather than material characteristics. Bending tests tend to mask the true time dependent 
material behaviour because the stresses and strains vary throughout the cross section of 
the specimen (Holzer et al., 1989). Furthermore, the time dependent behaviour of 
thnber structures -could be investigated at several levels, including polymer, 
microstructure, continuum, structural element and structure levels._ "Failure to consider 
any one of these levels is likely to leave an imperfect understanding of how to predict . 
long-term behaviour. These levels are important building blocks for developing a 
rational approach to structural design with wood". 
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Creep behaviour in the connection would be more complicated than wood itself 
due to the large number of influencing factors, such as the connection geometry and 
material characteristics (including wood, adhesive and steel). Few information was 
available on study the time dependent behaviour of the connection. With his long· term 
experiment, Reberholt ( 1986) found that no noticeable time dependant displacements 
were observed in the specimens under indoor conditions where the humidity and 
environmental conditions were relatively controlled. However, the outdoor specimens 
indicated creep in the resin with failures occurring within 4 years of sustained load. The 
load level was about 50% of tensile strength of the connection subjected to short term 
tensile load. 
Previous studies show that time dependant behaviour could have major influence 
to the strength of the connection and the creep.of the connection is likely depend on the 
environmental condition. 
2.7.3 Environmental Effects 
There are many environmental factors that adversely affect the durability and 
performance of adhesive bonds. Moisture is a hostile environment for adhesive 
bonding, and the rate of environmental attack is greater if the temperature is relatively 
high or the adhesive bond is subjected to stress. Comyn in Kinloch (1983) summarise 
the mechanisms by which water enters the adhesive joint as follows: 
Moisture can be enter the joint by 
1. Diffusion through the adhesive 
2. Transport along the ~nterface. 
3. Capillary action through cracks and crazes in the adhesive. 
4. Diffusion through the adherent. 
When moisture has entered a joint, the mechanism for the decrease m the 
strength of the adhesive bond can be described as follows: 
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1. Water may alter the properties of· the adhesive in a reversible manner to 
weaken the strength, such as plasticisation or swelling of the adhesive. 
2. Water can also alter the properties of the adhesive in an irreversible manner 
which induces chemical and physical ageing. This category includes 
hydrolysis, cracks and crazing. 
3. Water may attack the interface either by displacing the adhesive or by 
hydrating the metal or metal oxide surface of the adherend. 
4. Water may induce swelling stresses in the adhesive joint. 
While these generalised statements by Comyn are broadly applicable, they are 
mostly relevant to the epoxy bonded steel connection in glulam timber. Changes in 
moisture content also adversely affect the durability and performance of adhesive bonds. 
Effects of the interaction of moisture movement (drying and wetting) with the 
mechanical behaviour of wood were discussed by Schniewind (1968), Bodig (1982) and 
Bodig and Jayne (1982). 
In addition, moisture is a major influence on the time dependent behaviour of 
wood. Creep increases with increasing moisture content (Bodig and Jayne 1982; 
Schniewind 1968), affecting the strength of the connection. Fridley et al. (1991) carried 
out a study on moisture effects on load-duration behaviour of lumber. It was concluded 
that moisture effects on the load-duration behaviour were significant and the likely time-
to-failure appears shorter at higher moisture contents when subjected to equal 
mechanical stress ratios. 
Schniewind and Lyon (1973) found that the creep rate was always lower in 
larger specimens than in smaller specimens, which suggests that the larger specimens 
are less affected by changing moisture content than the smaller ones. Based on the 
comparison of the results from different moisture cycling environments (Schniewind 
1967; Schniewind and Lyon 1973) and constant environment (Wood 1951), Barrett 
(1982) concluded that there would be little or no effect due to moisture cycling. 
influence on the behaviour of large timber and glulam members. Bodig ( 1982) stated 
that large wooden members are less sensitive to moisture cycling than small wood 
specimens; but the influence of environmental cycling can be significant and should be 
considered in design when the members are exposed to cyclic moisture conditions. The 
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moisture movement and moisture level in the connection should be considered as well 
as the specimen size. 
There are many environmental factors besides water which could affect the 
durability and performance of adhesive bonding, such as temperature, exposure to the 
sun, applied stress and other environmental effects. None of these is discussed in detail 
in this study. 
2.8 APPLICATIONS OF ANALYTICAL TOOLS 
For all adhesive bonded joints, it is. necessary to carry out some form of 
quantitative analysis so that experimental. data can be interpreted and strength 
predictions made. There are two commonly used methods. The first is to set up a series 
of differential equations to describe the state of stress and strain in a joint, and to find 
solutions using algebraic functions. This method is commonly called as the closed-form 
solution. Technically, with this method it is very difficult or impossible to reach a 
solution because of non-linearities and complicated geometry. The second is the finite 
element method, which is very powerful and efficient, especially when using small 
elements in regions with large stress gradients. Adams (1986) claimed that despite 
substantial computing power requirements, there is no substitute to the finite element 
method for understanding the mechanics of real adhesive bonded joints. No other 
modelling technique can accurately represent the distribution of the strains or the 
stresses and be used to predict the strengths and failure modes of the joints. 
2.9 SUMMARY 
Mays (1985) claimed four main prerequisites to realise a successful adhesive 
bond: 
1. Careful selection of a suitable adhesive. 
2. Adequate surface preparation. 
3. Good joint design. 
4. Long duration durability. 
This chapter has reviewed many aspects related to the strength of the adhesive 
bonded connection to provide a broad general background. 
31 

33 
3.1 OBJECTIVES AND SCOPE 
The objectives of the short duration experiments were to investigate the tensile 
strength and the failure mode of the single epoxy bonded steel rod connection for a wide 
range of materials and geometry, in order to understand the physical and mechanical 
characteristics of the connection and to develop an empirical formula to calculate the 
strength of the connection. These experiments also allowed an investigation of the effects 
of reinforcement of the connection to obtain a technique of preventing wood splitting. 
Only a single steel rod connection was investigated and subjected to tensile load. 
Similar capacity is expected when the connection is subjected to compression load 
(Gerold, 1992). In the experiments only a single species of wood, Pinus Radiata, was 
used. 
For designers, these short duration experiments will be of direct benefit when 
using this type of connection in real structures, and of indirect benefit for assessing similar 
connections involving other different loading configurations and multiple steel rod 
connections. 
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3.2 DESIGN OF THE EXPERIMENTS 
3.2.1 Design Principles 
A test for an epoxy adhesive joint should be simple to set up and carry out. It has 
to be repeatable and representative of the loading condition and the environment found i.n 
service. Adams (1990) summarised several test methods, including single lap joint test, 
double lap joint test, butt joint tests and peel test. He concluded that the best test for 
determining the mechanical properties of an adhesive is to make specimens from bulk 
samples. To achieve the above requirement, the specimens with a single epoxy bonded 
connection were fabricated and tested under tensile load parallel to the steel rod axis and 
wood grain. 
3.2.2 Factors Influencing the Strength of the Connection 
There are many factors which may influence the connection strength. They can be 
classified into three major categories: the physical and mechanical properties of the 
materials, the geometry of the connection and the connection reinforcement. 
The properties of wood include wood species, moisture content, modulus of 
elasticity, strength and density, etc. The properties of epoxy involved for this study are 
epoxy type and quality. The strength of the steel bar and its surface cleanliness also affect 
the strength of the connection. 
The geometry of the connection include steel rod diameter, embedment length, 
edge distance, geometry of the st~el r_od surface, hole diameter, geometry of inner end of 
the steel rod, hole roughness. 
The connection reinforcement is also a influence factor which will be considered 
in this study. The transverse reinforcement of the connection may provide a method to 
prevent the wood splitting around the connection. 
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3.2.3 General Considerations 
Three individual experiments were designed: a 27 random factorial experiment as 
Experiment One, a 34 random factorial experiment as Experiment Two and an experiment 
to investigate the effect of reinforcement as Experiment Four. Experiment One was a 
general investigation of the strength and failure characteristics of the connection, 
considering as many factors as practically possible. Experiment One has 7 factors with 2 
levels for each factor. It consists of 128 specimens with a single replication. Experiment 
Two was designed to refine the data from Experiment One to get further information. 
Experiment Two has four factors with 3 levels for each factor. It consists of 81 specimens 
with a single replication. The random factorial designs in Experiment One and Two 
provide more efficiency than one-factor-at-a-time experimental design. In the factorial 
design, all data are used in computing the factors and the interaction among the factors. 
Furthermore, the design is to elirllinate the financial and material resource limitation as 
single replication was used in the experiments. However, while the design with single 
replications of the specimens can obtain reasonable good indication, it will not give an 
accurate indication of the variability. Experiment Four was designed specifically to study 
the effect of connection reinforcement. It has 8 specimens with only one factor 
considered. 
The determination of a particular specimen geometry was based on the preliminary 
trials for the short duration experiments and the empirical formula from Crews (1993) 
shown as follows: 
where, 
F = 10.6dl (nl(re)0'5 
F = average pull-out force (N) 
d = steel rod diameter (mm) 
1 = embedment length (mm) 
rh = ratio of hole diameter to steel rod diameter 
(3.1) 
re =ratio of edge distance (from steel rod centre line) to rod diameter 
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This formula is based on the use of Araldite K-80 epoxy resin and the deformed 
reinforcing bar. 
3.2.4 Design of Experiment One 
Based on previous researches (Crews, 1993; Riberholt, 1986, 1988a; Townsend, 
1990) and the author's preliminary experiments, seven factors were chosen for Experiment 
One. They are moisture content, epoxy type, steel rod type, embedment length, steel rod 
diameter, hole diameter and edge distance. 
The design procedures for Experiment One are described as follows: 
1. Selection of steel rod type and diameter: The high strength threaded rod (tensile 
strength 850 MPa, yield 680 MPa) and high strength deformed reinforcing bar 
(HD430 grade) were used. Rod diameters of 16 mm and 24 mm were chosen since 
they are commonly used and within the capacity of the Instron Universal Testing 
Machine. The high strength steel rods were used to avoid the probability of steel 
yielding so that the tensile strength of the connection can be reached before the 
steel rod yielded. 
2. Choice of edge distance and hole diameter: Considering previous test results, 
available glulam timber material and its tensile strength, 1.5d and 2.25d were 
chosen as edge distances. 1.15d and 1.4d were chosen as hole diameter ( d is the 
steel rod diameter). 
3. Selection of embedment length: Using Crew's formula (Equation 3.1), the 
embedment length associated with yielding of the steel rods was calculated as 
shown in Table 3.1, where the maximum values were calculated from the lower 
values of ratio rh and re, and the minimum values were from upper ratios of rh and 
re. Based on the calculation, the embedment lengths selected were as 5d and lOd. 
The selected embedment lengths were significantly lower than the values shown in 
Table 3.1. This is to avoid the steel rod yielding and ensure that the pullout failure 
is the major dominant failure mode. 
37 
4. Selection of wood cross section: The shape of the wood cross section was selected 
to provide the specific edge distance, yet be large enough to prevent tensile failure 
of the wood. 
The finalised design details for Experiment One are listed in Table 3.2. 
Table 3.1 The embedment length associated with the yield capacity of the steel rod 
Bar Diameter (mm) Embedment Length (mm) 
16 
24 
Table 3.2 Design for Experiment One 
Level Epoxy Steel Rod 
Type Type 
1 West System Threaded 
2 K-80 Deformed 
Note: d = steel rod diameter (mm). 
I =embedment length (mm). 
e =edge distance (mm). 
Maximum 
367 (22.9d) 
549 (22.9d) 
d I 
(mm) (mm) 
16 5d 
24 10d 
h = embedment hole diameter (mm). 
MC =moisture content in wood (refer Section 3.6). 
Minimum 
202 (12.6d) 
302 (12.6d) 
e h MC 
(mm) (mrn) (%) 
1.5d 1.15d 10-16 
2.25d 1.4d 22-30 
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3.2.5 Design of Experiment Two 
Four factors were selected for Experiment Two based on the results of Experiment 
One. They include epoxy type, steel rod diameter, embedment length and edge distance. 
These factors made a greater contribution to the strength of the epoxied steel connection 
than the others in Experiment One. 
Unlike Experiment One, the embedment length and edge distance were not directly 
proportional to the different diameters of the steel rod in Experiment Two. Same 
embedment lengths and similar edge distances were used for all of different diameters of 
the steel rod. The design for Experiment Two is shown in Table 3.3. 
Table 3.3 Design of Experiment Two 
Levels · 
1 
2 
3 
Note: 1. 
Epoxy Type 
K-80 
West System 
Z-2005 
d = steel rod diameter. 
1 = embedment length. 
e = edge distance. 
d 1 
(mm) (mm) 
16 80 
20 160 
24 240 
2. Only threaded rod and dry specimens were used. 
3. The hole diameter for all specimens was (d+4)mm. 
3.2.6 Design of Experiment Four 
e 
(mm) 
d/2+20 
d/2+30 
d/2+40 
Experiment Four was designed to investigate the effect of transverse reinforcement 
in the connection. The design of Experiment Four was based on the results from 
Experiments One and Two. The experiment was designed to form four pairs of specimens. 
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Each pair of specimens included one control specimen without reinforcement and one 
with transverse reinforcement. The geometry of the connections was arranged to be 
identical within each pair. Similar material properties were selected for each pair of 
specimens. The design was to obtain wood splitting around the connection in the test end 
therefore the small edge distance was used. This experiment as a pilot study was to 
investigate the potential benefits of the connection reinforcement. The design parameters 
are listed in Table 3.4. 
Table 3.4 Design parameters of Experiment Four 
Wood member Reinforcing rod Embedment length 
dimension (mm) dimension (mm) (mm) 
Length Width Depth Length Diameter It ls 
700 70 140 135 4 200 350 
Epoxy type· Steel rod Embedment hole Reinforcement hole 
diameter (mm) diameter (mm) diameter (mm) 
West System 20 26 6 
Note: 1. lt = the embedment length at the test end. 
2. ls = the embedment length at the support end. 
3.3 MATERIALS 
3.3.1 Timber 
Pinus Radiata glue laminated timber from Hunter Laminates Ltd. was used for 
these experiments. The glulam timber, using 45 mm laminates of No.1 framing grade 
timber and treated with CCA preservative, were fabricated in 1984 as glulam beams for-. 
the roof of an indoor ice skating rink in Christchurch. The test specimens were cut out of 
the beams when the building was re-built in 1992 after the roof was collapsed due to the 
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heavy snow. The beams were carefully selected. The collapsed beam was excluded. All 
of selected beains were remain intact and in good condition. All of the specimens for the 
experiments were randomly selected. The average moisture content was 12.8% for 
Experiment One (Appendix A), 12.9% for Experiment Two (Appendix C) and 12.1 for 
Experiment Four (Table 3.11). The moisture content readings were measured by the 
electric moisture meter (Timber Master Model D184T, Protimeter Ltd.) with the Hammer 
Electrode. 
The modulus of elasticity for timber blocks using in all experiments were 
measured with a Stress Wave Timer (Metriguard Model 239A, Metriguard, Inc. 1990). 
This is to obtain wood properties at the region where the steel rod is embedded. It seems 
to be the only method available during the experiments to measure the modulus of 
elasticity for the centre lamination of the ghilam timber blocks. However, the data 
obtained from the Stress Wave Timer were not adequately reliable and have great 
variation. In some case, the measurement was not repeatable and out of range. It is due to 
the inhomogeneity or interruption along the path of stress wave with any wood defects and 
finger joints. Therefore, the data measured from the Stress Wave Timer are not included 
in the analysis. 
The timber blocks used in Experiment Four were chosen and sorted by cross-
section arrangement and modulus of elasticity to give matching pairs of test specimens. 
The modulus of elasticity was measured using a 3 point bending test on the 100 kN 
A VERY Universal Testing Machine and presented in Table 3.11. 
3.3.2 Epoxy 
The hardener used to cure the resin affects the properties of the cured resin because 
it completely enters into the final reaction. Each resin-hardener combination will yield a 
cured adhesive with different properties. It is beyond the scope of this investigation to test 
all the epoxy adhesives which are available in the market and only three commonly used 
epoxy resins were used in the experiments. Two types of epoxy were used in Experiment 
One. One was K-80 (NUPLEX Industries Ltd), the other was West System (Adhesive 
Technologies Ltd). For Experiment Two, three types of epoxy were used: K-80, West 
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System and Araldite 2005 (NUPLEX Industries Ltd). For Experiment Four, only the West 
System epoxy was used. 
Typical properties of these epoxies are listed in Table 3.5, with data from the 
manufacturer's publications. 
Table 3.5 The mechanical properties of the epoxies 
Epoxy 
K-80 
West 
System 
2005 
Note: 1. 
2. 
3. 
4. 
Compress Tensile Shear Modulus of Maximum 
-ive Strength Strength Elasticity Operating Cure Time5 
Strength Temperature 
(MPa) (MPa) (MPa) (GPa) CCC) (hours) 
120-130 30-40 10-121 17 75 winter: 6 
summer: 12 
ss.e 50.53 -- 3.2 -- Z205: 5-7 
Z206:9 
-- -- 274 2.0 80 24 
The data are from aluminium lap joint test without surface sand filler. 
ASTMD-695. 
ASTMD-638 
The shear strength value relates to mild steel lap joints cured at 20°C for 24 
hours and tested at 23°C to BS 5350 Part CS 1976. 
5. Cure times are measured at 20°C for West System and Araldite 2005, 25°C 
for K-80. 
K-80: 
Araldite K-80 is designed as an all purpose structural grout to bond new to old 
concrete as well as grouting bolts in concrete. K-80 has desirable properties such as nil 
shrinkage, low creep, and excellent adhesion to wet concrete, fibreglass, ceramics and 
timber. It consists two components: resin and hardener. The resin is dark grey, high 
viscosity, like peanut butter. Two types of hardener were available: summer type and 
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winter type. Both of them are clear, light-amber, low viscosity hardeners. The summer 
hardener was mixed with the resin in a 10 part resin to 1 part hardener ratio by weight and 
give about 30 to 40 minutes pot life. The mixture ratio for winter hardener was 100:12 
resin to hardener by weight and it had a pot life of 15 .to 20 minutes. The K-80 epoxy 
mixture had a viscosity similar to motor oil. The summer hardener was used in the 
experiments (CIBA-GEIGY, 1989a). 
West System: 
This is a two component epoxy: Z105 and Z205/Z206 hardener. The West System 
epoxy is designed for use with wood. The Z105 resin is a clear, light-amber, low 
viscosity, 100% reactive solvent-free resin which cures clear over a wide range of 
temperatures. Two types of hardener were available for Z105 resin; the Z205 fast 
hardener and Z206 slow hardener. Both could be mixed with Z105 resin in a five part 
resin to one part hardener ratio by volume or by weight. In most circumstances, the Z205 
can be used to produce a rapid cure that develops its physical properties quickly. It 
consists of a formulated mixture of medium viscosity polyamine and when mixed with 
Z105 the pot life is 15 to 20 minutes and hard cure time is 5 to 7 hours at 20°C. The 
maximum strength is reached after several days at room temperature. The Z206 consists 
of a low viscosity polyamine mixture and when mixed with Z105, the pot life is 30 to 40 
minutes and the hard cure time is approximately nine hours at 20°C. The maximum 
strength is not reached for at least a week under normal conditions. The Z1 05 resin and 
Z206 harder were used in the experiments (Adhesive Technologies Ltd., 1992). 
Araldite 2005: 
This is a two component epoxy: resin Part A and hardener Part B. The mixing 
ratio is 2: 1 by volume. The mixture of this epoxy has a viscosity a little thicker than liquid 
honey. Araldite 2005 epoxy has properties such as high shear and peel strength, negligible 
shrinkage, good heat resistance, resistance to water and to a wide range of chemicals. It 
has a 20 - 100°C wide curing range. Araldite 2005 is a solvent-free cold-setting epoxy 
adhesive used for bonding most structural materials such as non-porous metals, ceramics, 
glass, plastics, porous wood, dry concrete and ferrite (CIBA-GEIGY, 1989 b). 
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3.3.3 Steel Rods 
Two types of steel rod were used in Experiment One: One was high strength 
threaded rod, the other was high strength deformed reinforcing bars (HD430). For 
Experiment Two and Four, the high strength threaded rod only was used. The mechanical 
properties given by the manufacturers are listed in Table 3.6. 
Table 3.6 The mechanical properties of the steel rod 
Mechanical properties Bar type 
Threaded rod Reinforcing bar 
(AISI4140) (HD430) 
Tensile strength 850 580-620 
(MPa) 
Yield strength 680 475 
(MPa) 
4 mm diameter threaded steel rod was used for transverse reinforcement in 
Experiment Four. The rod was mild steel with ISO metric 4.6 grade, tensile strength 400 
MPa and yield strength 240 MPa. 
3.4 SPECIMEN PREPARATION 
3.;t.l ~utting Scheme of Glulam Timber 
The glulam timber blocks were selected randomly and cut to the required 
dimensions for each specimen. The dimensions of the specimens in Experiments One, 
Two and Four are listed in Table 3.7 (a), (b) and (c) respectively. A hand saw and a bench 
saw were used; no surface finishing was required. 
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Table 3.7(a) The dimensions of the glulam timber used in Experiment One 
Number of Dimensions 
specimens (mm) 
L It ls lm a b h 
8 440 80 160 200 48 108 18.4 
8 440 80 160 200 72 72 18.4 
8 600 160 240 200 48 108 18.4 
8 600 160 240 200 72 72 18.4 
8 440 80 160 2020 48 108 22.4 
8 440 80 160 200 72 72 22.4 
8 600 160 240 200 48 108 22.4 
8 600 160 240 200 72 72 22.4 
8 560 120 240 200 72 162 27.6 
8 560 . 120 240 200 108 108 27.6 
8 800 240 360 200 72 162 27.6 
8 800 240 360 200 108 108 27.6 
8 560 120 240 200 72 162 33.6 
8 560 120 240 . 200 108 108 33.6 
8 800 240 360 200 72 162 33.6 
8 800 240. 360 200 108 108 33.6 
~ 
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Table 3.7 (b) The dimensions of the glulam timber used in Experiment Two 
Number of Dimensions 
specimens (mm) 
L lt Is lm a b h 
3 410 80 130 200 56 111 20 
3 410 80 130 200 76 82 20 
3 410 80 130 200 96 96 20 
3 570 160 210 200 56 111 20 
3 570 160 210 200 76 82 20 
3 570 160 210 200 96 96 20 
3 730 240 290 200 56 111 20 
3 730 240 290 200 . 76 82 20 
3 730 240 290 200 96 96 20 
3 410 80 . 130 200 60 161 24 
3 410 80 130 200 80 121 24 
3 410 80 130 200 100 100 24 
3 570 160 210 200 60 161 24 
3 570 160 210 200 80 121 24 
3 570 160 210 200 100 100 24 
3 730 240 290 200 60 161" 24 
3 730 240 290 200 80 121 24 
3 730 240 290 200 100 100 24 
3 410 80 130 200 64 218 28 
3 410 80 130 200 84 166 28 
3 410 80 130 200 104 134 28 
3 570 160 210 200. 64 218 28 
3 570 160 210 200 84 166 28 
3 570 160 210 200 104 134 28 
3 730 240 290 200 64 218 ··,28 
J 3 - ~:730 240 290 200 84 166 28 
3 730 240 290 200 104 134 28 
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Table 3.7 (c) Geometry of glulam timber used in Experiment Four 
Number of Sketch of 
Specimens Code Cross- Dimensions (rnrn) 
Note: 
section 
L It Is h a b 
2 4001 700 200 350 26 70 140 
4003 I I 1 I I 
2 4002 700 200 350 26 70 140 
4004 I I 1 I I 
2 4005 700 200 350 26 70 140 
4007 I (15 I 
2 4006 700 200 350 26 70 140 
4008 I (15 I 
L = overall length of the specimen (mm) 
It = embedment length of the connection at the testing end (mm) 
ls = embedment length at the non-testing end (mm) 
lm = distance between two inner ends of the rods (mm) 
h = embedment hole diameter (mm) 
e = edge distance (mm) 
a= shorter edge of cross-section (a= 2e) (mm) 
b = longer edge of cross-section (mm) 
hr = reinforcement hole diameter (mm) 
lr = reinforcement steel rod length (mm) 
hr lr 
- -
6 135 
- -
6 135 
As sfibwn in Figure 3.1, :holes for embedding the steel rods were drilled 'by an air 
J -
drill after the glulam timber blocks were cut to the dimensions. Two 8 mm diameter holes 
were drilled perpendicular to each embedment hole: one was used for epoxy injection, the 
other was an air hole. For Experiment Four, two extra holes of 6 mm diameter were 
drilled near the end of the specimens for the transverse reinforcement. The location and 
depth of the holes are shown in Figure 3.3. 
d 
Epoxy in 
caulking 
gun tube 
Side ~End 
View \Z:)j View 
Wire guide to centre 
deformed dowel in drill hole 
Figure 3 .1 Details of the connection 
forcing tie 
wire ring to centre 
dowel in drill hole 
ite seolmg 
----+----- lm --+------ I, -----..-1 
L-------------..j 
Figure 3.2 Geometry ofthe specimen for Experiment. One and Two 
47 
48 
140 
70 
-Epoxy 
.·;::::::.::::.·.·::::::::::::::::::.:)------, 
:• 
: l _________ ,. ____________________ -1-----' 
l --------------------------------
/- 2 threaded rod M4 x 135 
~ 26 !M2olt+----·-===~======~~==~!l-- -- :·~r·:::::::;:::::::::::::::::::::~~ 
================= 
.. 
~~2ooiT 11 ___ ~3=50~----~ 
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Figure 3.3 Sketch of specimen of Experiment Four 
3.4.2 Steel Rod Placement 
The threaded rods were cut to the required length, viz. the embedment length 
plus 120 mm. The deformed bars were supplied in the required length with one end 
threaded to make a connection between the specimen and the test machine. 
A short length of steel wire was tightly wrapped around the end of each rod as 
shown in Figure 3.1 so that they could be located centrally within the holes. Steel rods 
were placed at the both ends ofthe specimens as shown in Figure 3.2. Sealing putty was 
used to sealthe end of the hole:· For Experiment Four, 4 mm diameter steel rods were 
' -
placed into 6 mm diameter holes as shown in Figure 3.3. 
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3.4.3 Epoxy Injection Procedure 
For each type of epoxy, the resin and hardener were mixed manually according to 
the ratio suggested by the manufacturers. The resin and hardener were weighed on a 
digital electronic scale. The mixture was stirred quickly and thoroughly to ensure a 
smooth texture without streaks and to avoid air bubbles, then immediately poured into an 
empty 328 ml caulking tube, and injected into the injection hole with a caulking gun. 
The epoxy preparation and injection were carried out at normal room temperature 
of about 20°C. The procedure of the epoxy mixing and injecting was undertaken carefully 
to ensure that the embedment hole was fully filled. After injection of the epoxy, the 
specimens were stored about one week in a normal laboratory environment to ensure that 
the maximum strength of the connections was reached before testing. 
3.5 TESTING EQUIPMENT AND INSTRUMENTATION 
3.5.1 Loading System 
The Instron Universal Testing Machine (Model1116) with 25,000 kg capacity was 
used as the loading system. The test machine was driven by a stepping motor control unit. 
The tensile load subjected to the test specimen is displacement dependent. The loading 
rate for the short duration experiments was 0.1 mrnlmin. 
3.5.2 Data Acquisition System 
Three transducers were used in the experiments. One was the 250 kN load cell, 
installed in the movable head of the Instron Universal Testing Machine. The other two · 
were identical high resolution potentiometers attached to the test specimen, connected to a 
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Burr-Brown amplifier which supplied the individual input voltages and pre-amplified the 
signal. 
An analogue to digital converter (Dash 16Gl ND board, Mitrobite) was connected 
to one of the expansion slots of an IBM compatible personal computer to convert the 
signals from the Burr-Brown amplifier. Data acquisition software recorded the digital 
signal from the Dash 16G 1 into the computer. 
3.5.3 Tensile Load Measurement 
The tensile load was measured by the 250 kN load cell, which consisted of a high 
strength steel hollow cylinder with two independent full bridge (Poisson) circuits. One of 
the circuits was connected to the Burr-Brown amplifier and the other connected to a digital 
strain indicator (Measurements Group P-3500). The load cell was calibrated in the A very 
Universal Testing Machine (Avery lOOT) using the circuit connected to the digital strain 
indicator. This calibration was reproduced later in the Instron Testing Machine to 
calibrate the data acquisition system. 
3.5.4 Measurement of Displacement 
The displacement of the steel rod at the end of the specimen along the loading 
direction was measured with two potentiometers. The displacement was the average 
readings from the two potentiometers located at the opposite sides of test end of the 
specimen. 
3.5.5 Software 
Data acquisition software was used in the experiments. It was programmed in 
such manner that the signal would be triggered by whichever came first: either the tensile 
load increasing by 0.5 kN since last recording or 0.1 mm displacement occurring. The 
tensile load and the displacement at the connection were recorded during the experiment 
and stored by the computer after the test was concluded. The sketch of set-up for the 
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experiments is shown in Figure 3.4. Figure 3.5 shows a overview of a specimen un.der the 
short duration tensile test. 
Direction 
of Loading 
t 
Load cell 
Pin 
connection 
~~~f- -~Potentiometer support 
:r bose plate slipped over 
dowel and fixed wtth 
Deformed or 
threaded dowel 
\ screw pin 
Potentiometer 
20mm 
bose plate ....._·crl1i~~;::::~ 
Reaction Points 
Glulom tension 
specimen 
4 bose plate 
threaded bolts 
lnstron Test 
Moe; nine 
Figure 3.4 Sketch of the set-up for the short duration experiments 
3.6 DRY AND WET CYCLING ENVIRONMENT 
The specimens in Experiment One were subjected to two different environmental 
conditions (Table 3.2). One half of the 128 specimens (the control specimens) were tested 
under the normal indoor laboratory environment without being conditioned under the dry-
wet cycling environment. The average moisture content in the specimens was 12.8% 
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(Appendix A). The other half of the specimens were subjected to a series of dry-wet 
cycling environmental conditions. 
Table 3.8 The scheme of dry-wet cycling for the wet specimens of Experiment One 
1 
2 
3 
4 
5 
6 
NOTE: 
Cycles 
dry 
wet 
dry 
wet 
dry 
wet 
dry 
wet 
dry 
wet 
dry 
wet 
1. 
Time Environmental Moisture 
content 
periods condition 
(%) 
(days) 
cycle starts - 15 
15 RH = 96% T = 20°C 20.5 
12 RH=65%T= 19°C 17 
15 RH = 98% T = 20°C 28 
12 RH = 62% T = 21°C 17.3 
15 RH = 98% T = 20°C 28 
12 RH= 65%T= 20°C 16.5 
15 RH=98% T=20°C 28 
12 RH= 65% T =21°C 17 
15 RH=98% T= 20°C 28 
12 RH=67%T= 18°C 17.6 
15 RH= 98% T= 20°C 28 
RH = average relative humidity (%) in the SJ?ecific cycle 
T = average temperature (0 C) with the cycle 
2. Moisture content is the average value for the moisture content test 
samples measured by the electric moisture meter (Appendix B). 
Six dry-wet cycles were carried out before the specimens were tested. These 
specimens were tested at the end of the sixth wet cycle while the average moisture content 
was about 28%. Each dry cycle was undertaken in a normal indoor.laboratory condition 
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with 65% average relative humidity and 20°C in temperature. An electric fan was used to 
provide air circulation. The w~t cycle was carried out in the fog room at the Department 
of Civil Engineering, University of Canterbury, with 98% relative humidity and 20°C in 
temperature. The scheme of six dry-wet cycles is shown in Table 3.8. 
3.7 EXPERIMENTAL PROCEDURE 
The same procedure was used for all of the short term experiments. Two 
potentiometers were mounted at the test end of the specimen as shown in Figure 3.4, the 
potentiometer support base being fitted through the .steel rod and fixed. The specimen was 
fixed into the Instron Universal Testing Machine by the loading bracket and the base plate 
using threaded nuts. 
Each specimen was loaded in tension and the speed of the crosshead of the 
machine was 0.1 mm/rnin. The computer programme ran once the test machine was 
started to record the test load and displacement of the connection, data being plotted and 
displayed on the screen of the computer. The test was continued until the specimen failed; 
the test time for each specimen was measured by a stop watch. 
For Experiment Four, a clamp was used in the region near the outer end of the 
embedment at the support end of specimen 4008 to prevent the splitting and force the 
failure to occur in the test end. Figure 3.5 shows a general view of a short duration 
experimental specimen under test. 
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Figure 3.5 General view of a specimen under the short duration tensile test 
3.8 RESULTS OF THE SHORT DURATION EXPERIMENTS 
3.8.1 Experiment One 
The test results for the 128 specimens are listed in Table 3.9. Column 3 in the 
table shows the two different moisture conditions used in Experiment One: 
1. Dry specimens: 
The specimens were prepared and tested under a normal indoor laboratory 
condition. The moisture content in the specimens did not exceed 16% (Appendix 
A). 
2. Wet. specimens: -
The specimens were prepared under a normal indoor laboratory condition with the 
average moisture content of 12.8%. These specimens were tested while the 
average moisture content was about 28% after the specimens were subjected to six 
dry-wet cycles. 
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The last column in the table records the ultimate tensile load (UTL) for each 
specimen, that is the maximum tensile load during the test. Column 10 shows the failure 
mode. Further explanation and discussion of the failure mode are made in Chapter Four. 
The load displacement information is presented in Appendix D. This information 
would be useful to identify secondary effects such as bending of the specimen and yielding 
of the steel bar. 
3.8.2 Experiment Two 
The results of Experiment Two are listed in Table 3.10. Experiment Two is a 
continuation and refinement of Experiment One. 
3.8.3 Experiment Four 
Table 3.11 shows the results of Experiment Four. 
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Table 3.9 The results of Experiment One 
CODE BAR MC EPOXY d 1 e b h FAIT..-URE UTL 
TYPE TYPE MODE mea. 
(mm) (mm) (mm) (mm) (mm) (kN) 
1001 thread dry West 16 80 24 108 18.4 2 30.8 
1002 thread dry West 16 80 36 72 18.4 2 43.1 
1003 thread dry West 16 160 24 108 18.4 2 56.4 
1004 thread dry West 16 160 36 72 18.4 2 87.0 
1005 thread dry West 16 80 24 108 22.4 2 38.5 
1006 thread dry West 16 80 36 72 22.4 2 56.8 
1007 thread dry West 16 160 24 108 22.4 3 68.0 
1008 thread dry West 16 160 36 72 22.4 2 75.5 
1009 thread dry West 24 120 36 162 27.6 2 54.2 
1010 thread dry West 24 120 54 108 27.6 2 97.0 
1011 thread dry West 24 240 36 162 27.6 2 86.4 
1012 thread dry West 24 240 54 108 27.6 3 139.5 
1013 thread dry West 24 120" 36 162 33.6 2 78.3 
1014 thread dry West 24 120 54 108 33.6 2 92.6 
1015 thread dry West 24 240 36 162 33.6 2 154.9 
1016 thread dry West 24 240 54 108 33.6 2 175.6 
1017 thread dry K-80 16 80 24 108 18.4 2 34.3 
1018 thread dry K-80 16 80 36 72 18.4 2 37.7 
1019 thread dry K-80 16 160 24 108 18.4 2 70.7 
1020 thread dry K-80 16 160 36 72 18.4 2 92.1 
1021 thread dry K-80 16 80 24 108 22.4 2 50.4 
1022 thread dry K-80 16 80 36 72 22.4 2 55.6 
1023 thread dry K-80 16 160 24 108 22.4 2 82.7 
1024 thread dry K-80 16 160 36 72 22.4 3 106.7 
1025 thread dry K-80 24 120 36 162 27.6 2 81.4 
1026 thread dry K-80 24 120 54 108 27.6 2 83.2 
1027 thread dry K-80 24 240 36 162 27.6 3 136.3 
1028 thread dry K-80 24 240 54 108 27.6 4 176.0 
1029 thread dry K-80 24 120 36 162 33.6 2 89.7 
1030 thread dry K-80 24 120 54 108 33.6 2 105.8 
1031 thread dry K-80 24 240 36 162 33.6 2 112.5 
1032 thread dry K-80 24 240 54 108 . 33.6 2 228.0 
1033 tllread ·wet West· ·16 80 24 108 18.4 2 32.7 
-1034 thread wet West 16 80 36 72' 18.4 2 34.2 
1035 thread wet West 16 160 24 108 18.4 3 49.1 
1036 thread wet West 16 160 36 72 18.4 1 67.4 
1037 thread wet West 16 80 24 108 22.4 2 27.5 
1038 thread wet West 16 80 36 72 22.4 2 41.1 
1039 thread wet West 16 160 24 108 22.4 3 35.9 
1040 thread wet West 16 160 36 72 22.4 3 57.5 
1041 thread wet West 24 120 36 162 27.6 2 58.4 
1042 thread wet West 24 120 54 108 27.6 1 75.3 
1043 thread wet West 24 240 36 162 27.6 3 90.8 
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Table 3.9 The results of Experiment One- cont. 
CODE BAR MC EPOXY d 1 e b h FAILURE UTL 
TYPE TYPE MODE mea. 
(mm) (mm) (mm) (mm) (mm) (kN) 
1044 thread wet West 24 240 54 108 27.6 2 131.8 
1045 thread wet West 24 120 36 162 33.6 2 68.2 
1046 thread wet West 24 120 54 108 33.6 2 82.8 
1047 thread wet West 24 240 36 162 33.6 3 102.7 
1048 thread wet West 24 240 54 108 33.6 2 110.7 
1049 thread wet K-80 16 80 24 108 18.4 2 29.1 
1050 thread wet K-80 16 80 36 72 18.4 1 28.5 
1051 thread wet K-80 16 160 24 108 18.4 2 51.8 
1052 thread wet K-80 16 160 36 72 18.4 2 62.8 
1053 thread wet K-80 16 80 24 108 22.4 2 35.8 
1054 thread wet K-80 16 80 36 72 22.4 1 39.0 
1055 thread wet K-80 16 160 24 108 22.4 2 43.8 
1056 thread wet K-80 "16 160 36 72 22.4 2 59.8 
1057 thread wet K-80 24 120 36 162 27.6 2 46.7 
1058 thread wet K-80 24 120 54 108 27.6 2 71.6 
1059 thread wet K-80 24 240 36 162 27.6 2 92.9 
1060 thread wet K-80 24 240 54 108 27.6 2 134.9 
1061 thread wet K-80 24 120 36 162 33.6 2 58.2 
1062 thread wet K-80 24 120 54 108 33.6 1 83.7 
1063 thread wet K-80 24 240 36 162 33.6 5 114.4 
1064 thread wet K-80 24 240 54 108 33.6 3 140.1 
1065 deform dry West 16 80 24 108 18.4 2 29.4 
1066 deform dry West 16 80 36 72 18.4 2 28.9 
1067 deform dry West 16 160 24 108 18.4 2 43.9 
1068 deform dry West 16 160 36 72 18.4 2 49.0 
1069 deform dry West 16 80 24 108 22.4 2 24.9 
1070 deform dry West 16 80 36 72 22.4 2 31.4 
1071 deform dry West 16 160 24 108 22.4 2 41.3 
1072 deform dry West 16 160 36 72 22.4 2 61.7 
1073 deform dry West 24 120 36 162 27.6 2 48.0 
1074 deform dry West 24 120 54 108 27.6 2 68.7 
1075 deform dry West 24 240 36 162 27.6 2 135.1 
~1076 deform dry ·West 24 240 54 108 27.6 ' 2 106.1 
1077 J deform dry West 24 120 36 162 33.6 2 62.8 
1078 deform dry West 24 120 54 108 33.6 2 65.8 
1079 deform dry West 24 240 36 162 33.6 2 117.8 
1080 deform dry West 24 240 54 108 33.6 2 114.7 
1081 deform dry K-80 16 80 24 108 18.4 2 40.2 
1082 deform dry K-80 16 80 36 72 18.4 2 27.5 
1083 deform dry K-80 16 160 24 108 18.4 2 46.6 
1084 deform dry K-80 16 160 36 72 18.4 2 52.9 
1085 deform dry K-80 16 80 24 108 22.4 2 51.0 
1086 deform dry K-80 16 80 36 72 22.4 2 31.2 
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Table 3.9 The results of Experiment One- cont. 
Note: 1. Bar type: 
2.MC: 
3. Epoxy type: 
4. Specimen geometry: 
5'. UTLmea.: 
6. Failure mode: 
thread = threaded steel rod 
deform = deformed reinforcing bar 
Moisture cqntent in the specimens 
dry = specimens without any treatment and tested 
with moisture content below 16% 
wet = specimens subjected to six dry-wet cycles and 
tested after the sixth wet cycle. 
West = West System epoxy 
K-80 = Araldite K-80 epoxy 
d = steel rod diameter (mm) 
1 = embedment length (mm) 
e = edge distance (mm), e = a I 2 
a = shorter edge of the cross-section (mm) 
b = longer edge of the cross-section (mm) 
h = embedment hole diameter (mm) 
Test values of ultimate tensile load (kN) 
1 = Type 1 Failure Mode 
2 = Type 2 Failure Mode 
3 = Type 3 Failure Mode 
4 =Type 4 Failure Mode 
5 = Type 5 Failure Mode 
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Table 3.10 The results of Experiment Two 
CODE EPOXY d 1 e b FAll..URE UTL 
TYPE MODE mea. 
(mm) (mm) (mm) (mm) (kN) 
2001 K-80 16 80 28 111 2 32.6 
2002 K-80 16 80 38 82 2 44.9 
2003 K-80 16 80 48 96 2 51.2 
2004 K-80 16 160 28 111 2 70.4 
2005 K-80 16 160 38 82 2 98.0 
2006 K-80 16 160 48 96 2 102.5 
2007 K-80 16 240 28 111 2 107.0 
2008 K-80 16 240 38 82 4 128.0 
2009 K-80 16 240 48 96 2 129.0 
2010 K-80 20 80 30 161 2 48.8 
2011 K-80 20 80 40 121 2 61.7 
2012 K-80 20 80 50 100 2 65.1 
2013 K-80 20 160 30 161 2 80.2 
2014 K-80 20 160 40 121 2 94.0 
2015 K-80 20 160 50 100 2 109.9 
2016 K-80 20 240 30 161 5 140.0 
2017 K-80 20 240 40 121 4 141.0 
2018 K-80 20 240 50 100 2 145.1 
2019 K-80 24 80 . 32 218 2 55.2 
2020 K-80 24 80 42 166 2 60.0 
2021 K-80 24 80 52 134 2 57.6 
2022 K-80 24 160 32 218 2 91.4 
2023 K-80 24 160 42 166 ·2 121.5 
2024 K-80 24 160 52 134 2 142.0 
2025 K-80 24 240 32 218 5 147.5 
2026 K-80 24 240 42 166 2 158.0 
2027 K-80 24 240 52 134 2 167.0 
2028 West 16 80 28 111 2 37.0 
2029 West 16 80 38 82 2 41.0 
2030 ---west 16 "';, 80 48 96 2 50;4 
2031 ·• West. 16 160 28 111 2 70.4 
2032 West 16 160 38 82 2 78.1 
2033 West 16 160 48 96 2 93.5 
2034 West 16 240 28 111 2 87.1 
2035 West 16 240 38 82 3 97.5 
2036 West 16 240 48 96 5 117.5 
2037 West 20 80 30 161 2 43.9 
2038 West 20 80 40 121 2 48;6 
2039 West 20 80 50 100 2 41,5 
2040 West 20 160 30 161 3 69.5 
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Table 3.10 The results of Experiment Two (cont.) 
CODE EPOXY d 1 e b FAILURE UTL 
TYPE MODE mea. 
(mm) (mm) (mm) (mm) (kN) 
2041 West 20 160 40 121 2 88.3 
2042 West 20 160 50 100 2 108.5 
2043 West 20 240 30 161 2 104.1 
2044 West 20 240 40 121 2 111.4 
2045 West 20 240 50 100 2 156.2 
2046 West 24 80 32 218 2 46.6 
2047 West 24 80 42 166 2 47.1 
2048 West 24 80 52 134 2 48.6 
2049 West 24 160 32 218 2 72.3 
2050 West 24 160 42 166 2 87.6 
2051 West 24 160 52 .134 2 135.9 
2052 West 24 .240 32 218 2 121.4 
2053 West 24 240 42 166 2 128.0 
2054 West 24 240 52 134 2 171.3 
2055 2005 16 80 28 111 2 57.4 
2056 2005 16 80 38 82 2 60.0 
2057 2005 16 80 48 96 1 50.4 
2058 2005 16 160 28 111 2 76.3 
2059 2005 16 160 38 82 4 101.0 
2060 2005 16 160 48 96 5 124.6 
2061 2005 16 240 28 111 2 115.8 
2062 2005 16 240 38 82 2 132.0 
2063 2005 16 240 48 96 5 154.0 
2064 2005 20 80 30 161 2 60.2 
2065 2005 20 80 40 121 2 59.7 
2066 2005 20 80 50 100 2 79.4 
2067 2005 20 160 30 161 2 137.0 
2068 2005 20 160 40 121 2 104.8 
2069 2005 20 160 50 100 2 169.0 
2070 2005 20 240 30. 161 2 138.0 
2071 - 2005 20 240 40 121 5 147.0 
2072 2005 20 240 50 100 2 175.0 
2073 2005 24 80 32 218 1 62.6 
2074 2005 24 80 42 166 1 63.7 
2075 2005 24 80 52 134 1 60.5 
2076 2005 24 160 32 218 3 133.1 
2077 2005 24 160 42 166 3 130.5 
2078 2005 24 160 52 134 2 170.7 
2079 2005 24 240 32 218 3 154.0 
2080 2005 24 240 42 166 4 179.4 
2081 2005 24 240 52 . 134 2 206.2 
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Table 3.11 Summary of the result for Experiment Four 
Code 
4001 
4002 
4003 
4004 
4005 
4006 
4007 
4008 
Avg. 
Note: 1. 
2. 
Connection UTL Failure Deflection MC Density MOE 
Type (kN) mode (mm) (%) (kg/m3) (GPa) 
control 113.0 S-Pff 0.258 12.1 501 5.54 
reinforced 120.4 S-P/Spt. .. 0.276 12.3 496 5.74 
control 102.0 S-Pff 0.206 11.9 481 6.11 
reinforced 116.5 S-P/Spt. 0.268 12.0 505 6.32 
control 106.6 S-Pff 0.217 12.4 496 4.73 
reinforced 137.3 S-P/Spt. 0.35 12.2 509 6.50 
control 136.8 S-Pff 0.331 l1.8 484 7.15 
reinforced 155.9 ·S-Pff/Lo 0.541 12.0 485 7.54 
- 123.6 - 0.306 12.1 495 6.20 
UTL = test value of ultimate tensile load (kN). 
All of the specimens in Experiment Four failed with splitting in the timber 
around the connection and the steel rod pulling out. The failures are 
classified as follows: 
S-P = Type -2 failure mode, wood split around the connection and the 
steel rod pull out. 
T = fail at the test end. 
Spt. = fail at the support end. 
Lo = wood splits across the long edge. 
3. MC =moisture content in the specimens. 
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4.1 FAILURE MODES 
4.1.1 Definitions and Descriptions 
Although each specimen ruptured differently in the short duration experiments, all 
of the specimens can be classified into five different failure modes defined as follows: 
Type 1 failure mode: The steel bar pulls out without any obvious splitting in the glulam 
timber. This failure occurs in the epoxy-wood interface mainly 
caused by shear failure of the wood. The bond between steel and 
epoxy is intact (Figure 4.1 ). 
Figure 4.1 (a) Type 1 failure mode in wet specimens 
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Figure 4.1 (b) Type 1 failure mode in the specimens with Araldite 2005 epoxy 
Type 2 failure mode: The glulam timber around the connection splits and the steel bar 
pulls out from the epoxy confinement (Figure 4.2). 
Figure 4.2 (a)Type 2 failure mode in a dry specimen 
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Figure 4.2 (b) Type 2 failure mode in wet specimens 
Figure 4.2 (c) Type 2 failure mode in a rectangular specimen. The middle specimen has 
transverse reinforcement to prevent splitting in the short direction. 
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Type 3 failure mode: The glulam timber fractures at the end of the steel rod across the 
cross-section and the connection remains intact (Figure 4.3). 
Figure 4.3 Type 3 failure mode 
Type 4 failure mode: This category is a combination of pull-out, splitting and wood 
fracture. It indicates that both Type 2 and Type 3 failure modes 
occur simultaneously during the test. In this failure mode there is a 
split along the wood grain and a fracture across the cross-section at 
th~ inner end of steel bar (Figure 4.4). 
Figure 4.4 Type 4 failure mode 
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Type 5 failure mode: The glulam timber fractures across the cross-section in the middle 
portion of the specimen remote from the steel rod (Figure 4.5). 
Figure 4.5 Type 5 failure mode 
4.1.2 Distribution of Failure Modes in the Experiments 
Tables 4.1 (a), (b) and (c) show the failure mode distribution in Experiments One 
and Two. For Experiment Four, only Type 2 failure mode occurred. 
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Table 4.1 (a) Distribution of failure modes in Experiment One 
Type of Number of Specimens 
Failure Dry specimens Wet specimens 
Mode Threaded Deformed Total in Threaded Deformed Total in 
rod bar dry rod bar wet 
1 0 0 0 5 8 13 
(-) (-) (-) (8%) (12%) (20%) 
2 27 32 59 20 17 37 
(42%) (50%) (92%) (31%) (26%) (57%) 
3 4 0 4 6 5 11 
(6%) (-) (6%) (9%) (8%) (17%) 
4, 1 0 1 0 1 1 
(2%) (-) (2%) (-) (2%) (2%) 
5 0 0 0 1 1 2 
(-) (-) (-) (2%) (2%) (4%) 
Total 32 32 64 32 32 64 
(50%) (50%) (100%) (50%) (50%) (100%) 
Note: The values in brackets are the ratios of number of failures in the specific failure 
mode to total number of the dry or wet specimens, presented in percentage. 
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Table 4.1 (b) Distribution of failure modes in Experiment Two in terms of different 
epoxies and embedment lengths 
Number of Specimens 
Failure Epoxy type 
Modes K-80 West System Araldite 2005 Total 
Embedment length (mm) 
80 160 240 80 160 240 80 160 240 
1 0 0 0 0 0 0 3 0 0 3 (3.7%) 
2 9 9 6 9 8 7 6 5 6 65 (80.2%) 
3 0 0 0 0 1 1 0 2 1 5 (6.2%) 
4 0 0 1 0 0 0 0 1 1 3 (3.7%) 
5 0 0 2 0 0 1 0 1 1 5 (6.2%) 
Total 9 9 9 ·9 9 9 9 9 9 81 (100%) 
Table 4.1 (c) Distribution of failure modes in Experiment Two in terms of different 
epoxies and edge distances 
Number of Specimens 
Failure Epoxy type 
Mode K-80 West System Araldite 2005 Total 
Edge distance (mm) 
d/2 d/2 d/2 d/2 d/2 d/2 d/2 d/2 d/2 
+20 +30 +40 +20 +30 +40 +20 +30 +40 
1 0 0 0 0 0 0 1 1 1 3 (3.7%) 
2 7 8 9 8 8 8 6 4 7 65 (80.2%) 
3 0 0 0 1 1 0 2 1 0 5 (6.2%) 
4 0 1 0 0 0 0 0 2 0 3(3.7%) 
~ 
-
5 2 0 0 0 0 1 0 1 1 5(6.2%) 
Total 9 9 9 9 9 9 9 9 9 81 (100%) 
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4.1.3 Analysis of Failure Modes 
1. Type 1 failure mode 
For Experiment One, Type 1 failure mode occurred only in the wet test specimens. 
However, in Experiment Two some specimens using Araldite 2005 epoxy also failed with 
Type 1 failure mode. In Experiment One, the failure occurred at the interface between 
wood and epoxy. This implies that the wood is much more sensitive to the wet 
environment than the epoxy or the steel. The failure was caused mainly by the shear 
failure in the wood (Figure 4.1 (a)). In Experiment Two, the failure mode differed 
slightly; resulting in a shear failure in the wood and larger plug of wood extracted together 
with the steel rod and the epoxy (Figure 4.1 (b)). No obvious shear failure occurred in the 
epoxy-wood interface. 
The wet specimens in Experiment One had been exposed to a dry-wet cycling 
environment for 150 days (Table 3.8) before testing. The moisture content in the wood 
changed with the change of the environmental conditions, causing shrinkage and swelling 
in the wood; the dimensions of the wood around the connection changed. The dimensions 
of the epoxy and steel rod did not change. This resulted in stress concentration at the 
interface of the wood and the epoxy. This stress concentration could produce adhesive 
fracture and interface de-bonding. The shear strength in the wood also decreased when the 
moisture content of the wood increased. The New Zealand Timber Structure Standard 
(NZS 3603:1993) shows a significant difference in shear strength between the wet and dry 
wood. Obviously, if the shear strength between epoxy and wood or the shear strength in 
wood were less than the overall strength of the bond between epoxy and steel, Type 1 
failure mode would occur. 
A similar eJSplanation cocild be applied for Type 1 f~ilure mode in the specimens 
with Araldite 2005 epoxy in Experiment Two. It can be seen from Table 4.1 (b) that only 
3 specimens with the shortest embedment length (80 mm) failed in this mode. This 
implies that the shear stress in wood around the connection could be higher than the shear 
strength of the wood due to short embedment length, but lower than the strength of epoxy 
bonding. Therefore, the wood shear failure around the bar occurred. In general, Type 1 
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failure mode was mainly caused by the stress concentration in the connection and the 
reduction of shear strength in the wood. 
2. Type 2 failure mode 
Type 2 failure mode was the most common failure in the short duration 
experiments and occurred mostly in the regions near the outer end of the specimen. Wood 
splitting occurred when the specimen was subjected to a tensile load and the load reached 
a certain level. With increasing the tensile load, the wood splitting developed both along 
the wood grain and over the cross-section, enlarging the embedment hole and causing the 
failure with the steel bar pulling out. With this failure mode the bond between the epoxy 
and the wood remained intact, but the bond between the epoxy and the steel was destroyed 
(Figure 4.2). 
In Experiment One, Type 2 failure mode occurred more often in the connection 
with deformed reinforcing bar than with threaded rod connection. The greater number of 
Type 2 failure mode in deformed bar connections can be attributed to their different 
geometry as shown in Figure 4.6. The difference between bar types is explained further in 
section 4.2.2. 
Figure 4.6 The geometrical characteristics of the threaded rod and the deformed bar 
(Townsend, 1990) 
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In Experiment Four, all specimens failed with Type 2·failure mode; the experiment 
was designed to obtain the Type 2 failure mode so that the effect of the steel reinforcement 
on the connection could be investigated. Although all specimens failed with Type 2 
failure mode, none failed with wood splitting in the reinforced direction. Specimens with 
reinforcement failed either in the support end (specimens 4002, 4004, 4006) or fractured in 
the long direction of the cross-section (Figure 4.2.(c)). This indicates that the strength of 
the connection could be increased by preventing the wood from splitting. Type 2 failure 
mode could be caused by the stress concentrations and high transverse tensile stress at the 
outer end of the embedment region. 
3. Type 3 failure mode 
Type 3 failure mode occurred at the inner end of the embedment. The wood 
fractured over the cross-section but the epoxied steel connection remained undamaged. 
This failure was the tensile failure of the wood caused by high magnitude of the tensile 
stress and the stress concentration due to the presence of the embedment hole. It is of 
significance that a total of 15 Type 3 failures occurred but only 2 Type 5 failures in Table 
4.1 (a). Further finite element analysis shows that both tensile stress in the longitudinal 
direction and shear stress in the interfaces are highest at the end of the embedment, 
confirming that Type 3 failure mode was caused by the stress concentration and the 
reduced cross-section at the inner end of the embedment. 
4. Type 4 failure mode 
Type 4 failure mode is a combination of Type 2 and Type 3 failure modes. The 
failure generally occurred along the wood grain through the embedment and over the 
cross-section at the inner bar end. It appears that Type 2 and Type 3 failures can develop 
simultaneously. 
5. Type 5 failure mode 
Type 5 failure mode was rare and when occurring, being located at the middle 
section of the specimen; it is a tensile failure in the wood without any damage in the 
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connections. Only 2 specimens failed with this mode in Experiment One and 5 specimens 
in Experiment Two. 
6. Summary 
In general, Type 2 failure mode was the most common one in the short duration 
experiments. Comparing wet and dry specimens in Experiment One, Type 1 failure mode 
often occurred in the wet specimens but not in the dry specimens. The failure modes 
varied among the different epoxies used in Experiment Two, revealing varying properties 
of epoxies in the connections. 
4.2 INFLUENCEFACTORS 
4.2.1 Environmental Effects 
A comparison of the test results between the dry and wet specimens from 
Experiment One is given in Table 4.2. It shows that the strength -decreased after the 
connection was exposed to a severe wet and dry cycling environment for a period of 150 
days. The average tensile strength of the wet specimens was 23.8% less than the strength 
of the dry specimens. 
Experiment One displays that the moisture content has a great influence on the 
tensile strength of the connection; it is important to consider any possible moisture content 
influence during design of timber structures. Further study and experiments might be 
needed to identify whether the high moisture·. content itself or the moisture content 
- . ~ -
fluctuation has a major effect on the tensile strength. 
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Table 4.2 Ultimate tensile load of dry and wet specimens in Experiment One 
Moisture Condition Average Ultimate Tensile Load (kN) 
Dry 80.7 kN 
Wet 61.5 kN 
.Average 71.1 kN 
Difference (%) 23.8% 
Note: Difference(%)= (dry- wet) I dry x 100% 
4.2.2 Effect of Steel Rod Surface Geometry 
The effect of the steel rod surface was investigated in Experiment One. Table 4.3 
shows that the average ultimate tensile load is 78.7 kN for the specimen with the threaded 
rod connection, and 63.4 kN for the deformed bar connection. This gives that the average 
pull-out strength of the specimens using the deformed bars was 19.4% less than that for 
the threaded rod connections and is similar for wet and dry specimens. Reasons. for the 
difference can be explained as follows: 
1. The ribs on the deformed bar can transfer the tensile load into a force perpendicular 
to the surface of the hole to enlarge the embedment hole. This could trigger the 
splitting of the wood during tensile loading. 
2. The interface between the steel and the epoxy is stronger in the threaded rod 
connection than in the deformed bar connection due to the bolt-nut-like connection 
in the threaded Tod connection. 
3. There is more contact surface between the steel and the epoxy in the threaded rod 
connection than in the deformed bar connection. 
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Table 4.3 Ultimate tensile load in the connection- using different type of bar 
Average Ultimate Tensile Load (leN) 
Bar Type Moisture condition Average 
Dry Wet 
Threaded rod 90.0 67.5 78.7 
Deformed bar 71.3 55.4 63.4 
Average 80.7 61.5 71.1 
Difference (%) 20.8% 17.9% 19.4% 
Note: Difference(%)= (threaded- deformed) I threaded x 100% 
4.2.3. Effects from Using Different Epoxies 
It can be seen from Table 4.4 (a), for the dry specimens in Experiment One, the 
average ultimate tensile load for the connections using West System \Vas 15.4% less than 
for K-80 epoxy.- For the wet specimens, the tensile strength of the connection with West 
System epoxy was only 5.4% less than for K-80 epoxy. For Experiment Two, three 
epoxies were used. It can be seen from Table 4.4 (b), the average ultimate tensile load of 
the connection using West System was 13.1% less than for K-80. This is similar to the 
Experiment One result. For Araldite 2005, the average ultimate tensile load was 17.1% 
higher than for K-80 epoxy. 
In general, the Araldite 2005 epoxy has the highest pullout strength among these 
. . 
epoxies -and K-80 epoxy- has a higher pullout strength than West System epoxy. K-80 
· epoxy is more sensitive to water than West System epoxy, therefore the change in the 
pullout strength of K-80 between dry and wet specimens was greater than for the Wes~. 
System. The West System epoxy may have better water resistance properties than K-80 
epoxy. 
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Table 4.4 (a) Ultimate tensile load between different type of epoxy in Experiment One 
Average Ultimate Tensile Load (kN) 
Epoxy Type Moisture condition Average 
Dry Wet 
West System 73.9 59.8 66.9 
K-80 87.4 63.2 75.3 
Average 80.7 61.5 71.1 
Difference (%) 15.4% 5.4% 11.1% 
Note: Difference(%)= (K80- West System) /K80 x 100% 
Table 4.4 (b) Ultimate tensile load using different types of epoxy in Experiment Two 
Average Ultimate Tensile Load (kN) 
Epoxy Embedment length Bar diameter Edge distance Aver-
Type (mm) (mm) (mm) age 
80 160 240 16 20 24 d/2+ d/2+ d/2+ 
20 30 40 
K-80 53 101.1 140.3 84.8 98.4 111.1 85.9 100.8 107.7 98.1 
West 45.0 89.3 121.6 74.7 85.8 95.4 72.5 80.8 102.6 85.3 
-
2005 61.5 127.4 155.7 96.8 118.9 129.0 103.8 108.7 132.2 114.9 
Average 53.2 106.0 139.2 85.5 101.0 111.8 87.4 96.7 114.2 99.5 
Ratio1 15.1 11.7 13.3 11.9 12.8 14.1 1.5.6 19.8 4.7 13.1 
' (%) ~ .. .. i 
-
Ratio2 -16.0 -26.0 -10.1 -14.2 -20.8 -16.1 -20.8 -7.8 -22.7 -17.1 
(%) 
Note: K-80 = Araldite K-80 epoxy. 
West= West System epoxy. 
2005 = Araldite 2005 epoxy. 
Ratio1 (%) = (K80- West System) I K80 x 100% 
Ratio2 (%) = (K80 -2005) I K80 x 100% 
4.2.4 Effect of Different Embedment Length 
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Table 4.5 (a) shows that the ratio of the average ultimate tensile load for 
embedment lengths of 10d to 5d was 1.80 in Experiment One; similar trends were 
obtained between the wet and dry specimens and between the threaded rod and the 
deformed reinforcing bar connection. Table 4.5 (b) shows the results from Experiment 
Two, the ratio of the average ultimate tensile load for embedment length of 160 mm to 80 
mm was 1.99. However the ratio was 2.62 when the embedment length increased from 80 
mm to 240 mm. The results from Experiment Four are presented in Table 4.5 (c). 
Table 4.5 (a) Ultimate tensile load for different embedment lengths in Experiment One 
Embedment Average Ultimate Tensile Load (kN) 
Length Moisture condition Bar type Average 
-
(mm) Dry Wet Threaded Deformed 
5d 58.3 43.0 57.6 43.8 50.7 
10d 103.0 79.9 99.9 83.0 91.4 
Average 80.7 61.5 78.7 63.4 71.1 
Ratio (10d/5d) 1.77 1.86 1.73 1.89 1.80 
In order to c:ompare the results among the different short duration experiments, 
· Table 4~5 (d) was constructed based on the same' ratio of the embedment length to the bar 
diameter since the different ratios were used in the different experiments. In Table 4.5 (d), 
all different embedment lengths used in the experiments are converted in terms of the 
ratios of 5d, 10d and 15d. No conversion was made for Experiment One since the 
designed embedment lengths were 5d and 10d. For Experiment Two, the average ultimate 
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tensile load (UTL) values for bar diameter of 20 mm and 2.4 mm were converted from 
Table 4.5 (b) using interpolation. The original data for Experiment Four is also listed in 
Table 4.5 (d). 
Table 4.5 (b) Ultimate tensile load for different embedment lengths in Experiment Two 
Embed- Average Ultimate Tensile Load (kN) 
ment Epoxy type Bar diameter (mm) 
Length K-80 West Araldite 16 
(mm) System 2005 
80 53.0 45.0 61.5 47.2 
lid ratio 4 4 4 5 
160 101.1 89.3 127.4 90.5 
1/d ratio 8 8 8 10 
240 140.3 121.6 155.7 118.7 
1/d ratio 12 12 12 15 
ratio1 1.91 1.98 2.07 1.92 
ratio2 2.65 2.70 2.53 2.51 
Note: ratio1 =embedment 160 I embedment 80. 
ratio2 = embedment 240 I embedment 80. 
20 24 
56.5 55.8 
4 3.3 
106.8 120.6 
8 6.7 
139.8 159.2 
12 10 
1.89 2.16 
2.47 2.85 
Average 
53.2 
106.0 
139.2 
1.99 
2.62 
lid ratios in column 2,3,4 are the values calculated from the average bar diameter. 
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Table 4.5 (c) Ultimate tensile load for different embedment lengths in Experiment Four 
Embedment Ratio UTL Remarks 
(mm) 1/d (kN) 
200 10 114.6 average of all control specimens. 
200 10 155.9 specimen 4008, failed in the reinforced end. 
350 17.5 124.7 average of specimen 4002, 4004 and 4006. 
ratio 17.5d/10d 1.09 
Note: The specimen failed in the end with transverse reinforcement (specimen 4008) is 
not considered in the ratio calculation. 
In general, the results from all of the short duration experiments have similar 
trends. The results suggest that: 
1. The ultimate tensile load is not directly proportional to the embedment length 
especially for the larger embedment length as shown in Table 4.5 (b). Therefore, 
the traditional method using the equation 
F 
1'=-
mll 
(4.1) 
to calculate the shear stress of the bond can only be considered as a approximation, 
where, F = tensile load applied in the steel rod (N) 
d = nominal diameter of the steel bar (mm) 
I = embedment length (mm) 
't = shear stress (MPa) 
2. A threshold of the embedment length might exist beyond which further increasing 
the embedment length would not significantly increase the tensile strength of the 
connection. 
80 
The threshold of the embedment length depends on the overall strength of the 
connection, stress concentration and probability of the wood splitting around the 
connection. Further finite element analysis in Chapter Seven shows that increasing the 
embedment length will decrease the magnitude of the shear stress and transverse tensile 
stress but hardly improve the shear and tensile stress concentrations, which cause fracture 
or splitting of the wood. 
To develop an empirical formula following analysis of the experiment results, the 
relationship between UTL and the embedment length can be proposed in the form of 
F= CxZ81 (4.2) 
where F = ultimate tensile load 
C =a value which includes all factors involved except the embedment length. 
1 = embedment length 
el =exponent to the embedment length 
The 81 value can be calculated from the experiment results. For example, in 
Experiment One, for 1-6 mm bar diameter, if the embedment length increases from 5d to 
10d lOd, the 81 value can be calculated from (- )81 =1.76, hence 81 = 0.816. The 5d 
exponent 81 corresponding to each individual embedment length ratio is calculated and 
listed in Table 4.5 (d). The 81 value for Experiment Four is much less than the others, 
indicating that the increased embedment length is likely beyond the threshold. Therefore, 
the range of the embedment length must be specified for application of the empirical 
formula. It should be noted, however that the small number of the test specimens make 
the data from Experiment Four somewhat less significant. 0;86 as the average value of 81 
from Experiment One and Two could .be used to develop the ympirical formula. 
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Table 4.5 (d) Comparison of the average UTL with different embedment length in the 
short duration experiment 
Average Ultimate Tensile Load (kN) 
Embedment Experiment One Experiment Two Experiment Four 
Length Bar diameter (d) Bar diameter (d) Bar diameter (d) 
16 24 16 20 24 20 
5d 32.7 68.7 47.2 69.1 1 88.2 -
lOd 57.5 125.4 90.5 123.3 159.2 114.6:l 
15d - - 118.7 - - -
17.5d - - - - 124.7 
10d/5d 1.76 1.83 1.92 1.78 1.80 -
e1 0.816 0.872 ·. 0.941 0.832 0.848 -
15d/5d - - 2.51 - - -
e1 - - 0.838 - - -
17.5d/10d - - - - - 1.09 
e1 - - - - - 0.15 
Note: 1. All figures in Italic are the converted values by interpolation. 
2. The value was the average value from all control specimens (Specimen 4001, 
4003,4005 and 4007). 
4.2.5 Effect of Different Bar Diameters 
Tables 4.6 show the difference of the average ultimate tensile load in terms of 
different steel bar diameters. In Table 4.6 (a), the values without brackets are the test 
' 
results ?btai_ned directly from Experiment One .. For bar diameter 24 mm, the values in 
· brackets are the corrected values, which correspond to the same embedment lengths as 
used for the 16 mm bar diameter. These are two thirds of the value from the experiment . 
results as the average embedment length for the 16 mm diameter bar is two thirds of that 
for the 24 mm bar. Based on the corrected values, in terms of the same embedment 
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length, the ratio of the average tensile load of 24 mm diameter to 16 mm diameter is 1.43. 
The results from Experiment Two are listed in Table 4.6 (b). The ratio of the average 
UTL for bar diameter 20 to bar diameter 16 is 1.18 and for bar diameter 24 to 16, the ratio 
is 1.31. This indicates that the ratio increase in strength is slightly less than that in bar 
diameter. 
Table 4.6 (a) Ultimate tensile load for different steel bar diameters in Experiment One 
Bar Average Ultimate Tensile Load (kN) 
Diameter Moisture condition Bar type Average 
(mm) Dry Wet Threaded Deformed 
16 52.6 37.6 52.6 37.6 45.1 
108.7 85.4 104.9 89.2 97.1 
24 (72.5) (56.9) (69.9) (59.5) (64.7) 
Ratio 1.38 1.51 . 1.33 1.58 1.43 
Note: 1. Ratio = (the corrected value for bar diameter 24) I (the test value for bar 
diameter 16). 
2. Values without bracket are the original test values. 
3. Values in brackets are the corrected values (2/3 times test values). 
Table 4.6 (c) is constructed based on the experiment results (Table 4.6 (a) and (b)) 
to analyse the relationship between the UTL and the steel bar diameter; the corrected UTL 
values are used for Experiment One. It can be seen from Table 4.6 (c) that the increase of 
the ultimate tensile strength is not directly proportional to the increase of the steel bar 
diameter. If -the bar. diameter in.creases from 16 mm to 24 Iilm in Experiment One, thjs 
gives an increase of th~ tensile strength expressed by the' ratio of steel bar diameters 
( 24 )62 = 1.43, hence, the exponent 82 = 0.882. The exponent 82 corresponding the 
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different steel bar diameter ratio was calculated and listed in Table 4.6 (c). All 82 values 
are less than 1 as the ratio increase in strength is less than that in bar diameter. The 
average value of 82 will be used in the empirical equation. 
Table 4.6 (b) Ultimate tensile load for different steel bar diameters in Experiment Two 
Bar Average Ultimate Tensile Load (kN) 
Diameter Epoxy type Embedment length Edge distance (rnrn) 
(rnrn) 
(rnrn) K-80 West 2005 80 160 240 20+d/2 
16 84.8 74.7 96.8 47.2 90.5 118.7 72.7 
20 98.4 85.5 118.9 56.5 106.8 139.8 91.3 
24 111 95.4 129.0 55.8 120.6 159.2 98.2 
ratio1 1.16 1.14 1.23 1.20 1.18 1.18 1.26 
ratio2 1.31 1.28 1.33 1.18 1.33 1.34 1.35 
Note: Ratio1 =Bar diameter 20 I Bar diameter 16 
Ratio2 =Bar diameter 24/ Bar diameter 16 
30+d/2 
86.7 
95.2 
108.4 
1.09 
1.25 
Table 4.6 (c) Comparison of the ratio of UTL for different bar diameter 
40+d/2 
97.0 
116.6 
128.9 
1.20 
1.33 
Bar Diameter · Average Ultimate Tensile Load (kN) 
Aver-
age 
85.5 
101.0 
111.8 
1.18 
1.31 
(mm) Experiment One Experiment Two Average 
16 45.1 85.5 
20 - 101.0 -
24 64.7 111.8 
Ratio = 20/16 = 1.25 - 1.18 1.18 
82 - 0.747 0.747 
Ratio = 24/16 = 1.5 1.43 1.31 1.37 
82 0.882 0.661 0.776 
-~ Average 0.76 -
-
-· 
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4.2.6 Effect of Edge Distance 
It can been seen in Table 4.7 (a) that the ratio of the average ultimate tensile load 
for edge distance of l.Sd to 2.25d is 1.21; the ratio for dry and wet specimens is same. 
Townsend (1990) found that the tensile strength was proportional to (re)0·5, where 
the re is the ratio of the edge distance to the bar diameter. In Experiment One, if the edge 
distance changes from 2.25d to 1.5d, this would predict a ratio of the ultimate tensile load 
for the two levels of edge distance as follows: 
( 2.25d f'5; 1.22 
1.5d 
This is essentially the same as the observed ratio of 1.21, supporting Townsend's 
findings. Similarly, the results for Experiment Two are shown in Table 4.7 (b), where the 
top rows ofratio1 and ratio2 are the ratios obtained from the experiment, the bottom rows 
of ratio1 and ratio2 in brackets are the ratios calculated from Equation 3.1. For column 2 to 
-
column 4, the average bar diameter was used for the calculation. For example, using the 
average bar diameter of 20 mm, the ratio2 of the edge distance is given as: 
( d I 2 + 40 /'5 = (50 /'
5 
= 1.29 
d 12+20 30 
This is close to the observed values from Experiment Two. In summary, the 
results from both Experiment One and Two affirm Townsend's findings on the ratio of 
edge distance. 
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Table 4.7 (a) Ultimate tensile load for different edge distances in Experiment One 
Average Ultimate Tensile Load (kN) 
Edge Distance Moisture condition Average 
Dry Wet 
1.5d 73.0 55.6 64.3 
2.25d 88.3 67.3 77.8 
Average 80.7 61.5 71.1 
Ratio 1.21 1.21 1.21 
Note: Ratio= 2.25d I 1.5d 
Table 4.7 (b) Ultimate tensile load for different edge distances in Experiment Two 
Edge Average Ultimate Tensile Load (kN) 
Distance Epoxy Bar diameter (mm) Average 
(mm) K-80 West 2005 16 20 24 
d/2+20 85.9 72.5 103.8 72.7 91.3 98.2 87.4 
d/2+30 100.8 80.8 108.7 86.7 95.2 108.4 96.8 
d/2+40 107.7 102.6 132.2 97.0 116.6 128.9 114.2 
ratio1 1.17 1.11 1.05 1.19 1.04 1.10 1.11 
(1.15) (1.15) (1.15) (1.16) (1.15) (1.15) (1.15) 
ratio2 1.25 1.42 1.27 1.33 1.28 1.31 1.31 
-, 
(1.29) (1.29) (1.29) (1.31) (1.29) (1.27) (1.29) 
Note: 1. ratio 1 = (d/2 + 30)/ (d/2 + 20) 
2. ratio2 = ( d/2 + 40)/ ( d/2 + 20) 
3. Values in the brackets are the calculated values from Equation 3.1. 
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4.2.7 Effect of Different Hole Diameters 
Table 4.8 shows that the average ultimate tensile load was 67.0 kN for the 
specimens with a hole diameter of 1.15d and 75.2 kN for the specimens with a hole 
diameter of 1.4d. Therefore the average pull-out strength for the hole diameter of 1.15d 
was 10.9% less than that for the hole diameter of 1.4d. Furthermore, the average pull-out 
strength for the hole diameter of 1.15d was 14.6% less than that for the hole diameter of 
1.4d in the dry specimens, while there was only a 5.7% difference in wet specimens. 
Table 4.8 Ultimate tensile load for different hole diameters in Experiment One 
Average Ultimate Tensile Load (k:N) 
Hole Diameter Moisture condition Average 
Dry Wet 
1.15d 74.3 59.7 67.0 
1.4d 87.0 63.3 75.2 
Average 80.7 61.5 71.1 
-
Difference (%) 14.6 5.7 10.9 
Note: Difference (%) = (1.4d- 1.15d) I 1.4d x 100% 
Townsend (1990) found that the hole diameter was a major influence on tensile 
strength. In his findings, the tensile strength was proportional to (rh)2, where rh is the ratio 
of the hole diameter to the bar diameter. For a change of the hole diameter from 1.4d to 
1.15d, this would predict a reduction of the tensile strength in the ratio 
( 1'15 f = 0.675 
1.4 
giving a difference of (1-0.675) x 100=32.5%. In Experiment One, the average difference 
was 10.9%, much less than that predicted by Townsend. The difference of 10.9% is a 
reduction ratio of 0.891, which would be predicted by an exponent of 0.585, i.e. 
( 1.15 yo-sss = 0.891 
1.4 
4.2.8 Effect of Connection Reinforcement 
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The effect of transverse reinforcement was investigated in Experiment Four. 
During the test all of the control specimens failed with Type 2 failure mode at the test end 
of the steel connection. For specimens with reinforcement, only one (4008) failed at the 
test end with wood splitting across the longer edge, viz. the direction lacking 
reinforcement (Figure 4.2 (c)). The other three failed at the support end while the 
connection at the test end remain iptact. Table 4.9 shows the difference and the ratio in 
the ultimate tensile load between the reinforced connection and the connection without 
reinforcement. 
Table 4.9 Analysis of the effect of connection reinforcement in Experiment Four 
Code Connection UTL UTL MC Density MOE Diff. Ratio Failure 
Type (test) (cal.) Mode 
(kN) (kN) (%) (kg/m3) (GPa) (kN) (%) 
4001 control 113.0 108.4 12.1 501 5.54 S-P/T 
4002 reinforced 120.4 189.8 12.3 496 5.74 7.4 6.5 S-P/Spt. 
4003 control 102.0 108.4 11.9 481 6.11 S-P/T 
4004 reinforced 116.5 189.8 12.0 505 6.32 14.5 14.2 S-P/Spt. 
4005 control 106.6 108.4 12.4 496 4.73 S-P/T 
4006 reinforced 137.3 189.8 12.2 509 6.50 30.7 28.8 S-P/Spt. 
4007 control 136.8 108.4 11.8 484 7.15 S-PIT 
4008 reinforced 155.9 153.4 12.0 485 7.54 19.1 14.0 S-P/T/Lo 
Avg. control 114.6 108.4 12.1 491 5.88 -
Avg. reinforced : 132.5 180.7 12.2 499 6.52 17.9 15.6 -
-· 
Note: 1. UTL (test) = the ultimate tensile load from the experiment. 
2. UTL (cal.) = the calculated ultimate tensile load using Equation 4.7 with the 
corresponding geometry parameters and factors (kb = km = 1, ke = 0.86). 
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3. Diff. = Difference of test values of UTL between the reinforced and the 
corresponded control specimens. 
4. Ratio = (UTL in reinforced - UTL in control) I UTL in control x 100% 
It can be seen from Table 4.9 that the strength of the connection with transverse 
reinforcement is stronger than the corresponding control specimen. For some specimens 
( 4002, 4004, 4006), although failures did not occur in the reinforced connection, the 
ultimate tensile loads for these connections should be greater than the values shown in the 
table because the failures occurred at the support end before the reinforced connection had 
reached its ultimate tensile strength. Although the size of the cross-section used in the 
experiment would not normally be used in the real structures, it displays an important 
effect that the steel reinforcement can effectively improve the strength of the connection 
by preventing the wood splitting around the connection. 
Experiment Four shows that either increasing the edge distance or using steel rod 
reinforcement can prevent wood splitting failure around the connection. If the edge 
distance is limited by the geometry of the wood cross-section used in a structure, a steel 
rod reinforcement would be the best simple solution. The experimental results also 
indicate that if wood splitting dominates the failure, the tensile strength of the connection 
would not increase significantly by simply increasing the embedment length without 
consideration of how to prevent the wood splitting. 
4.3 AN EMPIRICAL MODEL 
A model can be developed using several different approaches, to quantify the 
strength of the single epoxy bol_lded.steel connection under tensile load and to explain 
the failure phenomena. The fracture mechanics approach has been successful to analyse 
the fracture process where dominant features, such as a pre-existing crack, can be 
identified. Unfortunately, when considering the epoxy bonded connection, the fracture 
process involves different materials with different characteristics and the interactions of 
many mechanisms operating at different rates. The knowledge required for developing 
physical models is not yet sufficiently comprehensive, and furthermore the fracture 
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mechanics study of the connection is beyond the scope of this thesis. Likewise, the 
finite element analysis technique may not adequately cope with different failure modes 
and allow the development of a calculation formula to design connections. An 
empirical model was developed and all of five different failure modes were covered in 
the model. 
Based on the results of the short duration experiments and previous concepts 
from Townsend (1990), Gerold (1992) and Crews (1993), the following formula can be 
formed: 
where, 
F = ultimate tensile load of the connection (N) 
d =steel bar diameter in mm (16 $; d $; 24) 
I= embedment length in mm (Sd $; 1 $; 15d) 
h =hole diameter in mm (1.15d $; h $; 1.4d) 
e =edge distance from centre of steel bar in mm (l.Sd_$; e $;3d) 
kb = bar type factor 
ke = epoxy factor 
km = moisture content factor 
The values of kb, ke and km are shown in Tables 4.10 and are based on the results 
from the short duration experiments using the dry specimens with K-80 epoxy and the 
threaded rod as references. The bar type factor kb is calculated from the ratio of the 
average values of UTL between the threaded rod and the deformed reinforcing bar in 
Experiment _One. 
The epoxy factor ke is based on both Experiments One and Two with K-80 as th~. 
reference epoxy. The ratio of average values for UTL between West System epoxy and 
K-80 epoxy is 0.846 in Experiment One and 0.869 in Experiment Two. The average 
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value of 0.86 is employed as the epoxy factor ke for West -System epoxy. The ke value 
for Araldite 2005 epoxy is 1.17 calculated from the ratio of average values of UTL 
between Araldite 2005 and K-80 in Experiment Two. 
Table 4.10 (a) Bar type factor kb 
Bar Type Bar Type Factor 
kb 
Threaded rod 1 
Deformed bar 0.79 
Table 4.10 (b) Epoxy type factor ke 
Epoxy Type Epoxy Type Factor 
ke 
K-80 1 
West System 0.86 
Araldite 2005 1.17 
The moisture content factor km is the ratio of average values for UTL between 
the wet and dry specimens, a value of 0.75 is used as km for the specimens with 
moisture content over 25%. The factor km is based on Experiment One and no value 
was given for the moisture content range between 18% - 25%. The conservative value 
0.75 may be used if the connection would be used in the moisture content range between 
18% - 25%.-~ Further study could .investigate the moistuie content influence t'o 'the 
epoxied steel connection under the long duration load. 
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Table 4.10 (c) Moisture content factor km 
Moisture Content Moisture Content Factor 
(%) km 
< 18% 1 
>25% 0.75 
All of the exponents in Equation 4.3 are derived from the results of Experiment 
One and Two and described in Section 4.2. The constant 85.4 is the best fit value from 
the results of the experiments. The Equation 4.3 can be further modified into a non-
dimensionalized form. The form can be deduced from: 
to 
Furthermore 
F= (85.4 *20o.76 *20o.s6) *-1-k k k (.!:_)o.s6(!!._)1.62(!!_)o.s(.!!_)o.s (4.6) 1000 b e m d 20 d d 
Finally, the following equation is proposed to predict the strength of the connection 
subjected to tensile load: 
• _ [ O,K6 d 1.62 h O.S e O,S 
F- 10.94kbk.k.,(-d) (-) (-) (-) 
20 d d 
(4.7) 
where, F =ultimate tensile load of the connection (leN) 
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4.4 ESTIMATION OF THE EMPIRICAL MODEL-
4.4.1 Comparison of the Short Duration Experiment Result and the Model 
Prediction 
Using Equation 4.7, the predicted values of ultimate tensile load corresponding 
to each individual specimens were calculated and compared with the experiment results. 
A linear correlation was calculated using the measured UTL values from the 
experiments as X values and the predicted one as Y. The coefficient of simple 
determination r2 (Neter, J., et. al., 1988) was calculated for Experiments One and Two 
separately. In Experiment One (Table 4.11 (a)), each particular combination of bar type, 
epoxy type and moisture content was classified and represented in a subgroup 
corresponding to the different kb, ke and km ·values. Eight subgroups were obtained. 
Similarly, Table 4.11 (b) was obtained for Experiment Two. The high values of r2 in 
Tables 4.11 indicate that the empirical model agrees with the results from the short 
duration experiments. In addition, the results from Experiments One and Two are 
plotted in Figure 4.7 to Figure 4.9 with UTL values from the experiments as X values 
and predicted values from the model as Y. Similarly, it can be seen from the figt.lres that 
the experiment values agree with the model's predicted values as judged by closeness of 
the data points to 45° line. 
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Table 4.11 (a) Estimation of the empirical model with Experiment One results 
Subgroups Contents No. of kb ke km r2 
Specimens 
1 threaded/dry/VVS 16 1 0.86 1 0.90 
2 threaded/dry/K.-80 16 1 1 1 0.90 
3 deformed/dry/VVS 16 0.79 0.86 1 0 .. 87 
4 deformed/dry IK -80 16 0.79 1 1 0.83 
5 threaded/wet/VVS 16 1 0.86 0.75 0.90 
6 threaded/wet/K -80 16 . 1 1 0.75 0.97 
7 deformed/wet/VVS 16 0.79 0.86 0.75 0.92 
8 deformed/wet/K -80 16 0.79 1 0.75 0.88 
9 all of dry specimens 64 -- -- 1 0.89 
10 all of wet specimens 64 -- -- 0.75 0.89 
11 all specimens 128 -- -- -- 0.89 
Note: 1. threaded = the threaded steel rod connection. 
2. deformed = deformed reinforcing bar connection. 
3. WS =West System epoxy. 
4. dry = the dry specimens. 
5. wet= the wet specimens. 
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Table 4.11 (b) Estimation of the linear relationship between the experiment results and 
the model output in Experiment Two 
Subgroups Contents No. of ke r2 
specimens 
1 K-80 27 1 0.94 
2 West System 27 0.86 0.91 
3 Araldite 2005 27 1.17 0.87 
4 All 81 -- 0.91 
Note: kb = km = 1 for all subgroups. 
4.4.2 Application to Multiple Bar Connections 
In the short duration tensile load experiments, all specimens were constructed 
and tested as single epoxied steel rod connection. No tests were carried out with 
multiple bar connection. The beam splice testing results from Townsend ( 1990) were 
used to compare ·with the predicted values from both the Equation 4.7 and Townsend's 
equation (Townsend, 1990) shown as follows: 
where 
( 
2 0.5 
F = 9.2d lg rh) Cre) 
F = ultimate tensile load (N) 
d = steel rod diameter (mm) 
lg = e~beqment length (mm) 
rh = ratio of hole diameter to bar diameter 
re = ratio of edge distance to bar diameter 
(4.8) 
Townsend's formula was based on the connection using the deformed 
reinforcing bar and Araldite K-2005 epoxy. According to Townsend's finding, the 
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tensile strength in the connection with threaded steel rod appears to have almost twice of 
the strength than similar connection using deformed reinforcing bars. Therefore, the 
ultimate tensile load from Equation 4.8 was doubled when used for the threaded rod 
connection. Similarly, according to Townsend, a 15% increase of the value calculated 
from Equation 4.8 should be used for the connection using Araldite K-80 epoxy. The 
average values of the bond stress are listed in Table 4.12. 
Table 4.12 Comparison of output from the empirical formula and beam splice test 
results 
Speci- Code Bar Epoxy 
men Type Type 
1 BM1 T K2005 
-1(1) 
2 BM1 D K2005 
-1(2) 
3 BM1 D K2005 
-2(1) 
4 BM2 D K-80 
-1(1) 
5 BM2 D K-80 
-1(2) 
6 BM3 D K-80 
-1(1) 
7 
-
BM3 D K-80 
-1(2) 
8 BM4 D K2005 
-1(1) 
Note: 1. Bar type: 
2. geometry: 
Bond 
e l Fail Stress 
Mode -tested 
(nun) (mm) 
--
(MPa) 
35 300 5 5.7 
35 275 no 7.6 
fail 
35 275 5 7.2 
35 250 5 5.6 
35 250 5 6.3 
45 250 2 6.4 
45 250 5 7.0 
45 250 5 5.0 
T = threaded steel rod. 
D = deformed reinforcing bar. 
e = edge distance (mm). 
I = embedment length (mm). 
Bond Bond 
Stress Stress Ratio1 Ratio2 
-Deng -Town. 
(MPa) (MPa) 
8.1 10.1 0.71 0.57 
6.5 5.0 1.18 1.51 
6.5 5.0 1.11 1.43 
5.6 5.8 1.00 0.97 
5.6 5.8 1.12 1.09 
6.4 6.6 1.01 0.98 
6.4 6.6 1.10 1.07 
7.4 5.7 0.67 0.88 
Mean 0.99 ,1.06 
cov 0.195 0.281 
3. Failure mode: 2 =Type 2 failure·mode: the connection pulls out with 
wood split around the connection. 
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5 = Type 5 failure mode, wood failure, including wood 
tension and wood shear, mostly caused by finger joint 
crack in the test. 
4. bond stress test= (Pullout force from test)/(3.14 x hole diameter x 
embedment) 
5. bond stress Deng =(Pullout force from Equation 4.7)/(3.14 x hole diameter x 
embedment length) 
6. bond stress Town= (Pullout force from Equation 4.8)/(3.14 x hole diameter x 
embedment length) 
7. Ratio 1 = (bond stress test)/ (bond stress Deng) 
8. Ratio2 =(bond stress tesi)/ (bond stress Town) 
The predicted values from both formulae closely approximate the test result. 
This suggests that the equations developed from single steel rod connection can be used 
for the multiple bar connection with different loading arrangement. It can be seen from 
the table that 6 specimens failed as a result of wood tension or wood shear, only one 
(Specimen 6) failed with wood splitting and steel bar pulling out. For specimen 6 with 
Type 2 failure mode, the ultimate tensile load from the test is the same as the predicted 
value from Equation 4.7. 
4.4.3 Comparison of the Empirical Model with the European Formula 
The comparison is made between the empirical formula developed by the author 
(Equation 4.7) and the European formula developed by Riberholt (1988b). Riberholt's 
formula is shown as _follows: 
Faxes/ = 0.627 pd..jl;, (4.9) 
where, Fax, est = estimated pullout force of the connection (N) 
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d = the bolt diameter (mm) 
lg = the embedment length of the bolt (mm) 
p = the density of the wood (kg/m3) 
The above equation is based on regression analysis of the Riberholt's test results 
with bolt diameters of 12 and 20 mm and a ratio of embedment length to bolt diameter 
of 15, and is considered suitable for two-component epoxy, phenol-resorcinol and other 
brittle glues. For shorter embedment length, Riberholt found that the equation tends to 
overestimate the axial bolt strength. 
The comparison was conducted using the results from Experiment One, dry 
specimens with the threaded rod connection only being used. ·The results of the 
comparison are listed in Table 4.13. The ultimate tensile load values from Experiment 
One are compared with the predicted values from Equation 4.7 and European formula. 
A regression analysis was conducted and the R squared values were obtained for both 
predictions. It can be seen from the table that the Equation 4.7 has a better prediction 
for the experiment results as the R squared value is higher for Equation 4.7 than for the 
European formula. Similarly, the COV of the Ratio-1 is less than that for the Ratio-2. 
The European formula seems conservative for the experiment results as in average the 
experiment output is 11% above the predicted value from the European formula. 
d 1 e density UTL-t UTL UTL 
CODE EPOXY i (Deng) (Europe) Ratio-1 Ratio-2 
(mm) (mm) (mm) (kg/m3) (kN) (kN) (kN) 
>--3 
pj 
0" 
-(D 
1001 West 16 80 24 572 30.8 34.4 51.3 0.90 0.60 ~ 
1002 West 16 80 36 461 43.1 42.1 41.4 1.02 1.04 
..... 
UJ 
1003 West 16 160 24 473 56.4 62.4 60.0 0.90 0.94 
1004 West 16 160 36 ' 537 87.0 76.4 68.1 1.14 1.28 
1005 West 16 80 24 499 38.5 37.9 44.8 1.02 U.lSo 
1006 West " •' 16 80 36 527 56.8 46.4 47.3 1.22 1.20 
. . 1007 West 16 160 24 551 68.0 68.8 69.9 0.99 0.97 
::t' n 
0 0 
s s 
..... '0 
::r pj (D '"1 
-· en en 
::r 0 
0 ::;l 
1008 West 16 160 36 471 75.5 84.3 59.8 0.90 1.26 
1009 West 24 120 36 516 54.2 66.3 85.1 0.82 0.64 
1010 West 24 120 54 506 97.0 81.2 83.4 1.19 1.16 
1011 West 24 240 36 438 86.4 . 120.3 102.1 UJl. U.l$5 
::4. 0 
0.. 
....., 
s:: ..... 
'"1 ::r 
pj (D 
..... 
-· 
I:Jj 0 
::;l s:: 
'"1 
1012 West 24 240 54 523 139.5 147.3 121.9 0.95 1.14 (D 0 >< '0 
1013 West 24 120 36 495 78.3 73.1 81.6 1.07 . 0.96 
1014 West 24 120 54 505 92.6 89.6 83.2 1.03 1.11 
1015 West 24 240 36 516 154.9 132.7 120.3 1.17 1.29 
1016 West 24 240 54 521 175.6 162.6 121.5 LUIS 1.45 
'0 (D (D pj 
'"1 ::;l 
..... 
s 8' (D ~ ::;l ..... en 
1017 K-80 16 80 24 471 34.3 40.0 42.3 UJ~6 U.l$1 ~ 
1018 K-80 16 80 36 513 37.7 48.9 46.0 0.77 U.lS:L pj 
1019 K-80 16 160 24 602 70.7 72.5 76.4 u.n u.~J ::;l 0.. 
1020 K-80 16 160 36 443 92.1 88.8 56.2 1.04 1.64 
1021 K-80 16 80 24 490 50.4 44.1 44.0 1.14 Ll5 
..... 
::r (D 
1022 K-80 16 80 36 573 55.6 54.0 51.4 LUJ 1.08 
1023 K-80 16 160 24 545 82.7 80.0 69.2 LUJ 1.20 
1024 K-80 16 160 36 549 106.7 98.0 69.7 LU~ 1.53 
(D 
s 
'0 
..... 
'"1 
1025 K-80 24 120 36 521 81.4 77.1 85.9 Luo u.~s 
1026 K-80 24 120 54 505 83.2 94.4 83.2 0.88 LUU 
.... 
(') 
e:.. 
1027 K-80 24 240 36 490 136.3 139.9 114.2 u.n 1.1~ 8' 
1028 K-80 24 240 54 559 176.0 171.3 130.3 l.UJ 1.3) 
1029 K-80 24 120 36 521 89.7 85.0 85.9 LU) 1.04 s s:: 
1030 K-80 24 120 54 528 105.8 104.2 87.0 LU:L l.ll ~ 
1031 K-80 24 240 36 477 112.5 154.4 111.2 0.73 1.01 
1032 K-80 24 240 54 508 228.0 189.0 118.4 1.21 1.~3 
Average )1Z:/ LOU 1.11 
CO'{ 0.13 .0.25 
RSquare 
- ----
, u.~u u:to 
0.. (D 
< ~ 
0 
'0 (D \0 
0.. \0 
100 
Note: West= West System epoxy 
K-80 = Araldite K-80 epoxy 
d =steel rod diameter (mm) 
I = embedment length (mm) 
e = edge distance (mm) 
UTL-t = ultimate tensile load of the experiment (kN) 
UTL (Deng) =ultimate tensile load calculated from Equation 4.7 (kN) 
UTL (Europe)= ultimate tensile load calculated from Equation 4.9 (leN) 
Ratio-1 = (UTL-t)/(UTL(neng)) 
Ratio-2 = (UTL-t)/(UTL(Europe)) 
4.5 DISCUSSION AND CONCLUSIONS 
Three short duration experiments were conducted, 5 failure modes being 
classified in these experiments. Most specimens failed as Type 1 and Type 2 failure 
modes. 
These short duration_ experiments show a common phenomenon that for each 
specimen failure always started at the point where either the magnitude of the stress and 
the stress concentration are highest or where defects in the materials exist. It indicates 
the importance of identifying the locations of stress concentrations and any defects. 
Pith, sloping grain, knots and finger joint around the connection can be critical factors 
influencing the strength of the connection. Clearly there is potential to improve the 
strength and performance of the connection by optimising design in terms of selections 
of material and geometry. Further study using a finite element method analyses the 
stress distribution in the conne~tion_ and identifies the locations where the failures 'are 
most likely to occur. 
It can be seen from the experiment results that using a simple unified failure 
criterion to identify the failure and predict the strength would be unrealistic because of 
the complicated mechanisms of failure in the connection and variety of failure modes. 
A statistically based empirical model was developed to predict the strength of the 
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connection, and based on the short duration experiment results, the following 
conclusions can be drawn: 
1. The ultimate tensile strength of the connection is correlated to all seven factors 
investigated in the short duration experiments. The moisture content in glulam 
timber, the bar diameter, and the embedment length are closely related to the 
strength and appear to have more influence on the strength than other factors. 
2. An empirical equation based on the short duration experiments was developed to 
predict the axial capacity of the connection in tension or compression. Seven 
influencing factors investigated in the experiments were considered in the 
equation. The equation gives a good agreement with the experiments results. 
3. The ultimate tensile strength of the connection with the deformed reinforcing bar 
is about 20% less than that of the connection with the threaded rod. 
4. In terms of ultimate tensile strength, among different epoxies, Araldite 2005 is 
17% greater than K-80 and the West System is about 14% less than K-80. 
5. The ultimate tensile strength of the connection decreased about 24% in wet 
specimens compared with dry specimen, which indicates that the moisture content 
plays an important role in the strength of the connection. 
6. Transverse steel reinforcement of the connection is recommended where wood 
splitting failure around the connection is likely occur. 
7. The statistical analysis of Experiment One and Two (Appendix E) concludes that 
the av_erage values ·of the ultimate tensile strength differ among all of the levels of 
each factor with at least 90% significance. In addition, there is no statistical 
evidence to suggest that interactions exist between any two factors. 
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5.1 BACKGROUND 
There are many methods which can be used . to model an adhesive bonded 
connection and a number of analytical solutions for the state of stress or strain used in 
previous studies; they can be classified into two categories. One category is the closed 
form algebraic solution, in which a series of differential equations are set up to describe 
the state of stress or strain in an adhesive bonded connection, and to deduce the 
solutions using these algebraic functions. The other category is the finite element 
method, a powerful and efficient method used to analyse the stress or strain distribution 
which may help predict the strength and failure mode of the adhesive bonded joints. 
Although the closed form solutions give a qualitative assessment of the effects of 
various parameters, they are unable to accurately describe the stress distribution and 
predict the strength (Adams and Harris, 1987). The reason is that a complete analysis of 
the various components of the stress is required, including variations through the 
thickness of both the adherents and the adhesive, and the joint strength could be 
significantly influenced by the local geometry in the critical regions of the joint. Any of 
these can make the closed form analytical solutions unattractive and impractical. 
The finite element method offers an ideal and powerful numerical method. 
Essentially, the continuum is broken down into discrete elements, each of which can be 
assessed and each of which interacts with its neighbours in a rational fashion. Regions 
of high stress gradient can be accommodated by using a finer mesh of elements. In 
addition, material non-linearity and anisotropy can be include in the description of any 
element. Compared with the closed form algebraic solutions, the finite element method 
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can be used readily with different failure criteria, fracture mechanics and other material 
theory. The development of modem computers and available software has made the 
finite element method increasingly popular. For the above-mentioned reasons, the finite 
element method was chosen to model the epoxy adhesive bonded steel connection; a 
model using the finite element computation program ABAQUS (ABAQUS, 1993a) is 
programmed and computed on DEC station 2100. 
5.2 OBJECTIVES AND SCOPE 
The objectives of modelling the connection using the finite element method are 
to understand the mechanisms of the load transformation and the distributions of various 
stresses in the connection. The analysis of the stress distributions aims to explain the 
different failure modes observed in the short duration experiments and to study the 
effects of various geometrical and material properties of the connection so that the 
performance and capacity of the connection can be improved. 
The model would focus on the numerical description of various stresses under 
the material linear elastic range of the connection. There is no intention to integrate the 
fracture mechanics theory or any failure criterion into the finite element model. 
Therefore, crack propagation and failure of the connection beyond the elastic range of 
the materials are not considered in the model. 
The geometry of the model is simplified. Only a quarter of the specimen cross-
section is used for modelling. The original square cross-section of the specimen is 
replaced with a circular cross-section with similar ratio of wood to steel in the model. A 
smooth stee!--.rod is modelled:·-.to represent the threaded .rod. The connection with 
" 
deformed steel rod is not considered in this model. A general explanation of the 
different failure modes is made after the analysis of the stress distribution in the 
connection. 
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5.3 FINITE ELEMENT MODEL 
5.3.1 Parameters of the Model 
The model geometry is based on the short duration experiments; a sketch of the 
geometry of the specimen modelled is shown in Figure 5.1 and the geometry parameters 
of the model are given in Table 5 .1. These parameters will be used as standard input for 
the model. The model with standard input will be used as the reference model for 
further parametric study. 
Table 5.1 Input parameters used in the finite element model 
Parameters Magnitude 
Specimen length (L) 900mm 
Model length (L/2) 450mm 
Steel rod embedment length (1) 300mm 
Steel rod diameter (d) 20mm 
Epoxy thickness (te) 3mm 
Embedment hole diameter (h) 26mm 
Edge distance (e) 45mm 
Cross-section dimension ( a x b) 90 x 90mm 
Wood to steel ratio of the cross-section (W s) 25.8 
Equivalent radius of the cross-section (R) 1 50mm 
Note: · 1. _The equivalent radius of cross-section is the radius of an equivalent circle 
giving the same wood to steel ratio at the cross-section. 
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I 
Figure 5.1 Sketch of the geometry of the specimen modelled 
5.3.2 Basic Assumptions and Material Properties 
The connection is modelled in 3 dimensional space such that full details of the 
stress distributions and variations in the connection can be determined. The following 
assumptions were made to obtain a practical and relatively simple model, and to achieve 
tractable results. 
1 ~ The epoxies used in the ~onnections are isotropic and linear elastic matedars:· 
2. The glulam timber is an orthotropic linear elastic material. 
3. The mechanical properties of the glulam timber along the radial and tangential 
direction are the same. 
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4. The steel rod is an isotropic, linear elastic material with a smooth surface. 
5. The applied tension stress is uniformly distributed over the cross-section of the 
steel rod at the outer end of the embedment. 
The mechanical properties of the material used in the finite element model are 
defined and given in Table 5.2. 
Table 5.2 (a) The mechanical properties of steel and epoxy used in the finite element 
model· 
Material Modulus of Elasticity Poisson's Ratio 
(GPa) 
Epoxy 4 0.3 
Steel 200 0.3 
Table 5.2 (b) Mechanical properties of glulam timber in the finite element model 
Modulus of Elasticity Shear Modulus Poisson's Ratio 
(GPa) (GPa) -
EL 9 GLR 0.6 VLR 0.37 
VLT 0.42 
ER 0.72 GLT 0.564 VRT 0.47 
VTR 0.35 
ET 0.45 GRT 0.06 VRL 0.041 
" 
VTL 0.033 
... 
-
Note: 1. The subscripts L, R, T present the longitudinal, radial and tangential 
direction of wood respectively. 
2. The notation for the material directions and corresponding axes in 
Cartesian coordinates of the 3 dimensional space are shown in Figure 
5.2. 
108 
The source of the mechanical properties of glulam timber are described in Table 
5.3. 
Table 5.3 The calculation and selection of mechanical properties of glulam timber 
Mechanical Source Value or Calculation Reference 
Properties Formula 
EL 9000MPa NZTIF (1989) 
ER ER = (1.6/20) X EL 
ET ET = (1120) X EL Bodig and Jayne (1982) pp. 115 
GLR GLR = (1115) X EL NZTIF (1989) pp. C-1-2 
GLT GLT= (9.4110) X GLR 
GRT GRT= (1110) X GLR Bodig and Jayne (1982) pp. 115 
VLR 0.37 
VLT 0.42 
VRT 0.47 
VTR 0.35 Bodig and Jayne (1982) pp. 117 
VRL 0.041 -
VTL 0.033 
It is difficult to characterise the mechanical properties of glulam timber 
accurately in the absence of information and experimental data on New Zealand grown 
Pinus Radiata. As input data for the finite element model, the empirical formulae were 
adopted to obtain the mechanical properties values. As can be seen from Table 5.3, all 
of the modulus calculation are based on the modulus of elasticity EL for New Zealand 
Pinus Radiata. For Poisson's ratios, the data was directly adopted from Douglas, fir 
experiment data (Bodig and 'Jayne, 1982). Although the empirical formulae and 
Poisson's ratio were developed from Douglas fir experiment data, it had been used for 
some other species. Since New Zealand Pinus Radiata has similar properties to 
American Douglas fir, it seems rational to use them to provide model input; such values 
could be changed easilyio test the model sensitivity for the input. 
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Based on assumption 3, the average value of the modulus of elasticity in the 
radial and the tangential directions from Table 5.2 (b) was calculated for both transverse 
directions. The same principle was applied to the shear modulus and Poisson's ratio. 
The calculated data was converted into the ABAQUS program input format and shown 
in Table 5.4. 
Table 5.4 ABAQUS input data for glulam timber properties 
Modulus of Elasticity Poisson's Ratio Modulus of Rigidity 
(MPa) (MPa) 
585 1585 19000 0.41 1 o.o37 1 o.o37 60 1582 1582 
Notation Notation Wood 
in in grain 
text ABAQUS 
X 1 radial 
(R) 
y 2 tangential 
(T) 
z 3 longitudinal 
(L) 
Figure 5.2 The defined grain direction of the glulam timber in Cartesian coordinates 
- ·s.3.3 The Finite Element Model 
1. ABAQUS program 
ABAQUS is a powerful and general finite element program developed by 
Hibbitt, Karlsson & Sorensen, Inc.(ABAQUS, 1993a and 1993b) for universal use and 
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has been widely used for many research and industrial -projects. There are many 
advantages and features in this program; it has a very large element library and powerful 
3-dimensional finite element analysis functions. 
2. Mesh and element generation 
The geometry of the test specimen has been given in Figure 5.1. One half of the 
length of the specimen and one-quarter of the cross-section is analysed because of 
symmetry. Cartesian coordinates are used in this model. In this way, a relative simple 
and universal model can be developed to meet requirements for further study, such as 
the parametric study, the composite material characteristics and failure criteria. The 
finite element mesh of the connection is generated to give a good approximation to the 
stress distribution. From previous researches (Adams, 1990 and Gerold, 1992), the 
critical sections of the connection are expected to be at or near both ends of the steel rod 
embedment where the magnitudes of the stresses and their gradients are higher. In 
contrast, in the middle section of the embedment the stress distributions are expected to 
be approximately uniform. Furthermore, in terms of the cross~section of the specimen, 
critical regions are expected at the steel-epoxy and epoxy-wood interfaces, but away 
from the interface towards to the surface of wood, no stress concentration and very 
small magnitude of the stresses are anticipated. In order to get more accurate numerical 
results, the mesh is generated for different element sizes: small elements are used in the 
supposed higher stress gradient regions; large elements are used in the regions where the 
stresses are expected to be uniform. In addition, through the thickness of the epoxy, a 
very fine mesh of six elements is defined to show the variation of the stresses through 
the thickness of the epoxy and to investigate the stress distributions along both 
interfaces. The mesh is formed for a circular specimen rather than a rectangular 
specimen as this could simplify the model. Previous research (ABAQUS, 1993a) and 
. . .• -; 
pilot finite element_ analysis for :the connection show that no significant influence occu'rs 
by changing the shape if the wood to steel ratio remains similar. 
The mesh of the finite element model of the connection is shown in Figures 5.3 
(a) and (b). Figure 5.3 (a) shows the mesh in the x-y plane at the origin (z = 0) of model 
which represents the cross-section of the specimen at the outer end. Figure 5.3 (b) 
shows the mesh in a 3-dimensional space with the x and y axes parallel to the radial and 
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tangential directions of the glulam timber respectively, while the z axis is parallel to the 
longitudinal direction of the specimen and along the centre line of steel rod. 
Figure 5.3 (a) The finite element mesh in the x-y plane at the origin (z = 0) of the model 
Two kinds of element are chosen to meet geometry requirement. One is a 6-
node linear triangular prism (C3D6) used in the central zone of the steel rod along the 
embedment length; the other is an 8-node linear brick (C3D8) used in the rest of the 
model. These two elements are easy to generate and have sufficient accuracy for this 
model. The model has 2640 elements and 3555 nodal points. 
3. Gap at the end of steel rod 
The gap at the end of the steel rod has been considered during the mesh, element 
generation and material properties assignation .. Based on the results and failure modes 
from !he s_hort dur·atioh experiments (Experiment One and Experim~nt Two), it is 
believed that poor adhesion between the end of the rod and the epoxy is equivalent to a 
gap between the end of the steel rod and the epoxy. Although the gap was filled by the 
epoxy sometimes, it is unlikely to form a proper bond between the end of the rod and 
wood. Therefore, in the finite element model, this region was treated as a gap. The gap 
was produced in the model by generating small elements at the end of the steel rod 
without assigning any material properties on them. 
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Figure 5.3 (b) The finite element mesh ofthe model in 3-dimensional space 
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4. Boundary conditions 
The boundary conditions are defined as follows: the vertical surface ( in y-z 
plane) is restrained in the x direction; The horizontal surface (in x-z plane) is restrained 
in the y direction; the mid-face ( plane z = 450) is restrained in the z direction. 
Therefore, the centre line is considered to be restrained in both the x and the y 
directions. 
5. Loading 
A concentrated tensile load at the outer end of the steel rod is transformed into a 
uniformly distributed tensile stress on the one-quarter steel rod cross-section at the outer 
end of the embedment (in x-y plane, z = 0 of Figure 5.3 (b)), the direction being along 
the negative z axis. The magnitu·des of the load used in the analysis are based on the 
short duration experiments results. Only low load levels are used to model the 
connection in which linear elastic conditions are expected. It is possible, in theory, to 
extend the model into the non-linear range and to explore. various failure criteria, but 
that is beyond the scope of this study. Two load levels are used in the model. One is 50 
kN, which is used for a general study of the stress distribution in the.connection and for 
further parametric study. The other is 15 kN, which is used for comparing the model 
output with the results from the experimental stress distribution analysis. No failure is 
expected to occur with such low magnitudes of tensile load. The programme of the 
model is listed in Appendix F. 
In the following chapter the output of the model will be presented. An 
experimental stress distribution analysis will be described and the comparison between 
the model output and the experimental result of the stress distribution will be given. 
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6.1 OBJECTIVES AND SCOPE 
An experimental study of the stress distribution was undertaken to investigate 
the stress distributions at the interface between the steel rod and the epoxy along the 
embedment. The experiment results were analysed and compared with the output of the 
finite element model, with the intention of testing the validity of the model and to study 
the effects of different steel bar surface and end geometry. The experiment also 
attempted to measure the transverse stress. 
Although the epoxied steel connection consists of 3 materials and two material 
interfaces, the experiment concentrated on the interface between the steel rod and the 
epoxy along the embedment. This is not only of primary interest to the project, but the 
interface is a key region to expose the stress distribution of the connection. 
Furthermore, the direct influence from any defects or inhomogeneity in the glulam 
timber can be avoided. 
6.2 DESIGN OF THE EXPERIMENT 
This experiment was defined as Experiment Five and included four specimens. 
They were coded as 5000, 5001, 5002 and 5003. Specimen 5000, a preliminary· 
specimen, was prepared and tested before the other specimens were designed. 
Specimen 5000 was to provide a primary investigation of the stress distribution and to 
confirm the methodology of the experiment. After specimen 5000 had been 
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successfully tested, the other specimens were designed. To simplify the description and 
discussion of the experiment, the design, experimental procedure and discussion will 
cover all of the specimens regardless of the time sequence. The experiment plan is 
shown in Table 6.1. 
Table 6.1 Parameters of Experiment Five 
Code 5000 5001 5002 5003 
Epoxy Type K-80 West System West System West System 
Steel Bar Type Threaded Threaded Smooth Threaded 
Specimen Width (mm) 90 90 90 90 
Specimen Height (mm) 90 90 90 90 
Specimen Length (mm) 800 750 750 750 
Embedment lt (mm) 300 400 400 400 
Embedment Is (mm) 300 200 200 200 
Number of Gauges on 6 13 13 8 
Surface of Steel 
Number of Gauges on - 6 - -
End of Wood 
Note: It = embedment length at the test end. 
Is = embedment length at the support end. 
Figures 6.1 to 6.4 show the geometry of steel rods and locations of the strain 
gauges for specimens 5000, 5001, 5002 and 5003 respectively. In specimen 5000, 6 
strain gauges were used and they were glued on six small individual grooves 
respectively. The grooves were machined on the surface ofthe _threaded rod to provide 
a flat smooth--surface for the str:ain gauges. Similarly, a threaded steel rod wa~ used in 
J 
specimen 5001 as shown in Figure 6.2, but a groove was machined along the entire 
embedment length on the surface of the threaded rod for gluing the strain gauges. A 
smooth surface steel rod was used in the test end of specimen 5002 (Figure 6.3) instead 
of the threaded rod. Compared with specimen 5001, specimen 5002 has similar layout 
of the strain gauges, same embedment length and same nominal bar diameter. This is to 
compare stress distribution between the threaded rod and the smooth surface bar. 
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Figure 6.1 Geometry of steel rod and location of strain gauges for specimen 5000 
(not to scale) 
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A hole was drilled in the inner end of the threaded rod in the specimen 5003 as 
shown in Figure 6.4. As can be observed, most strain gauges were located near the end 
of the steel rod and corresponding with specimen 5001, permitting the comparison of 
stress distribution with the specimen 5001 and to investigate any change of stress 
distribution if geometry of connection was changed. 
A design outline of the specimens is shown in Figure 6.5. Specimen 5001 has 6 
strain gauges on the outer end surface of the wood to measure the stress distribution on 
the cross-section. A 1.5 mm diameter hole was located above each individual strain 
gauge, the strain· gauge·Iead wires being fed through these holes 'to the surface of the 
~ -
specimen. 
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6.3 MATERIALS 
The glulam timber was chosen from the same batch as used in the short duration 
experiments; the material properties have been described in Chapter Three. Two kinds 
of steel rod were used in the experiment. One was a high strength. threaded steel rod 
having the same mechanical properties as the one used in Experiment One. The 
mechanical properties have been described in Chapter Three. The other was a smooth 
surface steel rod with tensile strength 400 MPa and yield 240 MPa. Two kinds of epoxy 
were used. K-80 epoxy used in specimen 5000. West System epoxy used for the other 
specimens. Both epoxies had been used in the short duration experiments. The 
characteristics of the epoxies and their formulation procedures have been described in 
detail in Chapter Three. 
Three kinds of electric resistance type.~train gauge were used in the experiment. 
Namely, they are 1 mm, 5 mm and 25 mm strain gauges respectively. The strain gauge 
(Type: FLK-1-3UB-11) is designed to use on metal surfaces to obtain accurate strain 
reading in the applied area. The gauge length is 1 mm and gauge factor is 2.11. The 
nominal electric resistance for the batch of strain gauges is 120 ± 0.5.Q. This type of 
strain gauge was used on the surface of the steel to measure the strain. The other two 
kinds of strain gauge were used on wood: 25 mm strain gauges (Type KF-25-C8-11) 
and 5 mm strain gauges (Type KFC-5-C1-ll). All are commonly used general purpose 
strain gauges and can be used on metal, plastic, composite material and wood. Four 
strain gauges with a gauge length of 25 mm were used. The gauge factor is 2.11 and the 
resistance is 119.9± 0.3.Q in the batch. Two 5 mm length strain gauges were used. The 
gauge factor is 2.11 and the resistance is 120.1 ± 0.3.Q. 
6.4 SPECIMEN PREPARATION 
Four pieces of glulam timber were selected from glulam timber members with 
cross-section of 90 x 90 mm. For specimens 5001, 5002 and 5003, great effort was 
made to obtain similar specimens in terms of wood grain, modulus of elasticity and 
density. The selection procedure was as follows: 
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1. Nine glulam timber members were selected to obtain a similar wood grain pattern 
and glue line position, and to eliminate any defects in the embedment region at the 
test end, such as knot, slope grain, pith and finger joint. 
2. For each selected glulam timber member, a temporary code was marked and the 
density was obtained by measuring the weight and dimension. 
3. The modulus of elasticity of each of these timber members was measured using 3-
point bending test on the 100 kNAVERY universal testing machine. This is to 
pre-select the glulam timber used for the specimens to reduce the variation among 
the specimens. 
4. 3 pieces of glulam tiq1ber were selected from the 9 selected members to obtain 
closely similar properties in terms of modulus of elasticity and density. 
The final selected timber members were coded and machined to the required 
dimensions, and modulus of elasticity, density and moisture content were recorded. The 
embedment holes were drilled according to the experiment plan (Table 6.1 ). Injection 
holes, air holes and gauge lead wire holes were drilled as shown in Figure 6.5. The 
location of each lead wire hole is not shown in Figure 6.5 but it can be obtained from 
Figures 6.1 to 6.4 respectively since the hole corresponds to the location of each strain 
gauge. 
The steel rods were cut to the required length. For threaded rods used in the test 
end, grooves were machined along the embedment to provide suitable surfaces for the 
strain gauges. For specimen 5000, 6 small identical grooves were machined; the 
locatio~· an~ dimension ·of the grooves are shown in Figure 6.1. For specimens 5001 
and 5003, the grooves were machined along the entire embedment length as shown in 
Figure 6.2 and Figure 6.4; for specimen 5002 no machining was required. The surface . 
was slightly scored with emery paper before gluing strain gauges. Threaded rods were 
used at the support end of all specimens. 
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The strain gauges were glued to the surface of the steel rod using superglue 401 
after the surface had been carefully cleaned with MEK (methyl-ethyl-ketone), the 
manufacturer's instruction and standard procedure being strictly followed. The surface 
of the strain gauge and the adjacent area were protected from water and rust by applying 
several coatings of SN4. Each strain gauge was checked before the specimen was 
assembled. 
The steel rod was fitted into the glulam timber and the leads for each strain 
gauge led through the adjacent hole above the strain gauge. After assembly, the epoxy 
injection procedure was carried out; K-80 epoxy was used in specimen 5000 and West 
System was used for the other specimens. The procedure of the specimen assembling 
and epoxy injection is similar to the procedure used for the short duration experiments. 
The detail of this procedure has been described in Chapter Three. 
For specimen 5001, six strain gauges were glued on the end surface as shown in 
Figure 6.5. Two 5 mm gauges were glued in radial direction and four 25 mm strain 
gauges applied in tangential direction. Similar procedure for gluing the strain gauges on 
steel was used to glue the strain gauges on the surface of the wood. 
6.5 EXPERIMENTAL PROCEDURE 
The specimens were tested on the Instron Universal Testing Machine (Model 
1116) with a 50 kN load cell, the tensile load being applied in the longitudinal direction. 
The load was adjusted manually from 0 to 30 kN, with readings in 5 kN increments. For 
each loading level, two readings were recorded, one obtained while the tension was 
increased in e._ach step and the of11er pbtained while the load 'was decreased in eacli step. 
The results were very similar. this procedure was repeated 4 times and readings were 
recorded. The readings from each loading level were repeatable at each strain gauge 
without any significant variation. At any defined load level, for example 15 kN, an 
average value for 8 readings from four repeated tests was calculated for each strain 
gauge. 
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6.6 RESULTS OF THE EXPERIMENT· 
The experimental results are listed in Table 6.2. Since the reading from each 
strain gauge was linear with different load levels, only the data corresponding to the 15 
kN tensile load level was used to compare with the finite element model output. The 
values in the table are the average values. 
Based on these data, with linear interpolation, the strain can be defined along the 
embedment length. Therefore, the tensile stresses can be calculated from the tensile 
strain as: 
where, 
cr=Ee 
cr = . tensile stress (MPa) 
E = modulus of elasticity of steel, E=2 x 105 MPa 
e = tensile strain (mrnlmm) 
Table 6.2 Test results of Experiment Five 
5000 5001 5002 
Gauge Gauge Micro· Gauge Gauge Micro· Gauge Gauge Micro· 
No. location strain No. location strain No. location strain 
(mm) (mm) (mm) 
I 5 290 I 5 224 
I 15 285 2 15 258 2 15 207 
3 25 243 3 25 198 
2 50 246 4 65 211 4 65 165 
5 125 148 5 125 149 
3 110 189 6 185 129 6 185 135 
7 235 114 7 235 128 
4 170 148 8 275 107 ·8 . 275 . 125 
"9 315 98 9 315 112 
-
-5 230 119 10 335 85 
6 290 66 II 355 74 10 355 82 
12 375 55 II 375 50 
12 385 32 
13 395 37 13 395 18 
(6.1) 
5003. 
Gauge Gauge Micro-
No. location strain 
(mm) 
I 15 259 
2 235 103 
3 315 71 
4 335 61 
5 345 91 
6 355 191· 
7 385 114 
8 395 85 
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Note: Gauge location was measured from the outer end of the embedment in the 
longitudinal direction. 
Assuming that tensile stress is uniformly distributed over the cross-section of the 
steel rod, the corresponding tensile force can be calculated as follows: 
P=aA (6.2) 
where, P = tensile force (N) 
A = stress area of the steel rod (mm2) 
The average shear stress between any two adjacent strain gauges on the steel-epoxy 
interface can be expressed rationally as: 
where, 't = average shear stress over l:lz length (MPa) 
l:lP = the difference in tensile force over l:lz length (N) 
l:lz = distance betwee!} two adjacent strain gauges (mm) 
(6.3) 
ds = diameter of the steel rod where the strain gauges are located (mm) 
In this experimental stress distribution analysis, the average shear stress between 
a~y two adjacent strain gauges can be calculated using equations 6.1 to 6.3. For the 
regions close to either inner or outer embedment end, the average shear stress can be 
obtained using the data from the closest strain gauge to the end and the boundary 
condition at the end of the embedment. That is, the tensile for9e is 15 kN at the outer 
end of the embedment while it should equal zero at the inner end of the steel rod. 
Taking specimen 5000 as an example, Figure 6.6 shows the analytical procedure 
for the stress distribution experiment. The same principle and procedure were used for 
other specimens. As can be seen from Figure 6.6, the first data point from left in the 
strain-distance plot, was calculated based on the assumption that the 15 kN tensile force 
127 
was applied on the steel rod at the outer end of the embedment. Therefore, the 
corresponding stress on the steel rod can be calculated as: 
(6.4) 
and the corresponding strain on the steel rod surface at the outer end of the embedment 
is given by: 
(6.5) 
Data points for shear are located mid-way between two corresponding adjacent data 
points for tensile force. 
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embedment length 
Figure 6.6 Diagram of analysis method for the stress distribution 
6.7 CORRELATION OF EXPERIMENTAL AND THEORETICAL 
RESULTS 
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The theoretical analysis of the epoxied steel connection was carried out with the 
finite element method using the ABAQUS computer program; the experimental method 
relied on the strain measurement technique. The correlation between the experimental 
results and the finite element model output verifies the validity and accuracy of the finite 
element model. 
In order to make the comparison, the finite element model was re-computed with 
the parameters corresponding to each individual experimental specimen. The model 
parameters are listed in Table 6.3. The results for each specimen were compared with 
the corresponding model output and shown graphically in Figure 6.7 to Figure 6.11 
respectively. 
Table 6.3 
ABAQUS 
Programme Code · 
T4-B 
exp5-2 
exp5-1 
expS-7 
Parameters used in the finite element model for the corresponding 
experimental specimens 
Parameters 
Corresponding Epoxy Steel Bar Embedment EndH9le End Hole 
Specimen MOE MOE Diameter Depth Diameter 
(GPa) (GPa) (mm) (mm) (mm) (mm) 
5000 4 200 17 300 - -
5001 4 200 17 400 
- -
5002 4 200 20 400 - -
5003 4 200 17 400 50 14 
Note: The mechanical properties of the glulam timber remain unchanged for all 
corresponding test specimen and can be referred from Table 5.2 (b) in Chapter 
Five. 
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Figure 6.8 Comparison of the experimental results for specimen 5001 with the 
corresponding finite element model output .. 
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Figure 6.10 Comparison of the experimental results of specimen 5003 with the 
corresponding finite element model output 
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Figure 6.11 Comparison of the strain gauge data at the end cross-section of specimen 
5001 with the model prediction 
As can be seen from Figures 6.7 to 6.11, the stress distribution patterns in'the 
experimental specimen~ are very similar among the smooth and threaded steel rod 
connections. The experimental and finite element results are in reasonably good 
agreement. This suggests that the model can be used with confidence for further study 
to analyse the stress distribution in the connection with threaded rod. A parametric 
study using the finite element model will show the potential application of the model 
(Chapter 7). 
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6.8 STRESS DISTRIBUTION PREDICTED IN THE MODEL 
An analysis of the stress distribution was carried out using the finite element 
model once the model had been verified by the experimental method. The analysis 
seeks to understand the stress distributions and to identify the regions of stress 
concentration. The standard input parameters of the model were used as shown in Table 
5.1. The tensile load on the steel rod was 50 kN. 
6.8.1 Some Considerations Concerning the Stress Distribution Analysis 
After the model was computed with ABAQUS . finite element programme, the 
following outputs could be produced for each individual node point: 
1. The principal normal stress: cr., O'y, a: 
2. Shear stress: 'txy, 't,,, 'tyz2 
3. Displacement: u,, Uy, u,3 
Although the output of the model could cover all of stress components and 
displacements, only some of stress components were considered and the displacements 
of the model were not considered in the study of stress distribution. This study was 
based on the analysis of the failure modes from short duration experiments, the model 
assumption and primary data analysis of the model output. For example, from primary 
data analysis, it was noted that the magnitude of shear stress 't xy in the cross-section of 
the model was very small, which corresponds to experimental results that the failure 
modes were not caused by the shear stress 't xy· Therefore, four stress components were 
selected to analyse the stress distribution as listed in Table 6.4. 
1 A component of normal stress is parallel to the axis of the subscript. 
2 The first subscript of a shear stress component is the coordinate normal to the 
element face. The shear stress component parallel to the axis of the second subscript. 
3 A component of displacement is parallel to the axis of the subscript. 
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Table 6.4 Stress component used in stress distribution analysis 
Stress Component 
Expression in text Symbol used in text Symbol used in 
ABAQUS 
Shear stress along the embedment 'tyz S23 
Tensile stress along the embedment a. S33 
Tangential stress ax s11 
Radial stress ay s22 
6.8.2 Simplifying Presentation 
Although a great number of output d~ta were obtained after the finite element 
model was computed, only part was required for the study of stress distribution. In this 
study, the major regions of interest were the regions around the steel-epoxy interface, 
the epoxy-wood interface and both ends of the embedment. 
The original format of the output was in the sequence of node numbers 
regardless the physical posi~ion in the comiection; it is difficult and tedious to present 
the results in such a data format. Therefore, this format must be modified so that the 
output data can be easily and clearly presented in terms of the geometric location. A 
simplification of the model output was considered. Further data processing was carried 
out using ABAQUS POST program (ABAQUS 1993b) and Excel in order to abstract 
the required data. 
The output data was abstracted from the y-z plane of the model. It is believed 
that the 3-diwensional model sgace. can be well presented using the 2-diinensional 'Y;Z 
plane because of ~symmetry (Figure 5.3 (b)). This is why the shear stress in the 
embedment direction can be represented by one shear stress component 't rz in the y-z 
plane (Table 6.4). The y-z plane of the model is sketched in Figure 6.12 to show the 
location of the data abstracted. A similar simplification procedure for the data 
presentation was also used in the further parametric study. 
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6.8.3 Shear Stress Distribution 
Figure 6.13 shows the shear stress distribution within the epoxy layer along the 
embedment length. The top solid line represents the shear stress at the steel-epoxy 
interface. The bottom dotted line represents the shear stress along the epoxy-wood 
interface. Both lines are actually located inside the epoxy close to the interfaces (line 3 
and line 5 respectively in Figure 6.12); the central dashed line is the shear stress at the 
centre of epoxy. As expected, the highest shear stress concentration regions are at both 
embedment ends. The stress concentration is higher at the inner embedment end than at 
the outer end. 
The average shear stress in the steel-epoxy interface is 2.65 MPa. The value is 
calculated using Equation 4.1. A line parallel to the x-axis drawn in Figure 6.13 to 
represent the average shear stress, indicates that the shear stress is below ~he average in 
the central region of the embedment, whereas it is much higher than the average in both 
embedment end regions. The shear stress close to the steel-epoxy interface is about four 
times more than the average shear stress at the inner end of the embedment. 
A stress gradient exists across the thickness of the epoxy, especially at both 
embedment end regions. The highest shear stress is at the steel-epoxy interface and the 
lowest shear stress is at the epoxy-wood interface. The shear stress and the ~hear stress 
concentrations decrease across the epoxy thickness from the steel-epoxy interface to the 
epoxy-wood interface. 
6.8.4 Tensile Stress Distribution . 
Figure 6.14 shows the:·-tensile stress distribution along the entire embed~ent 
length; the -top solid line being the tensile stress distribution in the wood at the region 
very close to the epoxy while the bottom dotted line represents the tensile stress 
distribution at the centre of the epoxy. The average tensile stress is also shown on the 
figure, this assumes that the tensile stress is uniformly distributed over the cross-section, 
so that the stress can be calculated using Equation 6.4 with the whole cross-section of 
the model as the stress area. It can be observed that the highest tensile stress 
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concentration regions for both epoxy and wood are at the inner embedment end and the 
epoxy has a higher tensile stress concentration value than in the wood. In this region the 
tensile stresses are higher than the average tensile stress. 
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Figure 6:13 Shear stress distribution along the embedment 
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Figure 6.14 Tensile stress distribution along the embedment 
6.8.5 .Tangential-stress Distribution 
0.90 1.00 
The tangential stress is in terms of the mesh of the finite element model, the · 
tangential direction is the direction tangential to the arc of the mesh outline in the model 
and shown in Figure 6.15. Figure 6.16 shows the tangential stress distribution along the 
embedment. It only shows the first 30 mm of the embedment length from the outer end 
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of the embedment, as the magnitudes of the stress are close to zero elsewhere. As can 
be observed from the figure, the stress has a higher value at the steel-epoxy interface 
than at the epoxy-wood interface. All of the tangential stresses are below the average 
tensile stress along the longitudinal direction (6.37 MPa), which is shown on the figure 
for comparison. It is noticed that Figure 6.16 does not represent the stress distribution 
in the connection with deformed rod as the deformations could not be easily modelled 
and are not considered in the model. Likewise for the radial stress distribution. 
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Figure 6.15 Longitudinal, tangential and radial direction of the model in stress analysis 
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6.8.6 The Radial Stress Distribution 
Figure 6.17 displays the radial stress distribution along the embedment length. 
The radial direction is in terms of the arch of the mesh outline in the finite element 
model, the direction of the stress being parallel to the y-axis and does not correspond to 
the radial direction of the wood grain. Significant magnitudes of the stress only can be 
observed at the outer end of the embedment region. Within this region, the highest 
stresses are at the outer end. Comparing the two interfaces, the radial stress is much 
higher in the steel-epoxy interface than in the epoxy-wood interface. At the region very 
close to the embedment end, the stresses in both interfaces and in the epoxy centre are 
greater than the average longitudinal tensile stress (6.37 MPa), whereas the radial stress 
is below the average longitudinal tensile stress in the wood. 
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6:9 DISCUSSION 
6.9.1 Experimental Results and the Finite Element Model 
3DAIZ222.XLC 
-
0.08 0.09 0.10 
-·-·-line? 
Although tensile strains were measured only on the surface of the steel rod along 
the embedment length for experimental study on the stress distribution of the 
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connection, the results can represent the characteristics of the steel-epoxy interface. 
With simple calculations, the experiment results can be converted into the shear stress 
of the steel-epoxy interface and force in the wood in longitudinal direction as described 
graphically in Figure 6.6. 
A comparison of experimental data points in specimen 5001 with the 
corresponding model output in Figure 6.8, indicate that the model programmed using 
the smooth surface steel rod can provide a sufficiently accurate representation of the 
connection with the threaded rod. Furthermore, a comparison of specimen 5001 (Figure 
6.8) with specimen 5002 (Figure 6.9), suggests that no significant difference exists in 
terms of the stress distribution between the threaded rod connection and the connection 
with the smooth surface steel bar, since both specimens fit the model output and with 
similar patterns. 
The experiment has used a practical and reliable method to investigate the stress 
distribution in the connection. The experimental results and the corresponding model 
output are in accord. 
6.9.2 Stress Concentrations and Failure'Modes 
A better understanding of the stress distribution and the mechanism of the 
connection can be obtained by the finite element model since failure in the connection 
seems mostly to occur at a region with high stress concentration. There is a strong 
correlation between the failure mode and stress concentration. 
In terms of tangential and radial stresses, both have a high stress concentration at 
the outer end~f the embedment,_ .. accompanied by higher she~r stress in the same n~gion. 
It seems likely that the -combination of these stresses causes Type 2 failure mode; the 
glulam timber around the connection splits at the outer embedment end region and the 
steel bar pulls out from the epoxy confinement. This failure mode is one of the major 
failure modes in the short duration experiments. 
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The stress gradient over the cross-section at the outer end of the embedment may 
also contribute to this failure mode. It can be seen from Figure 6.13, Figure 6.16 and 
Figure 6.17 that the shear stress and both transverse stresses are much higher in the 
steel-epoxy interface than in the epoxy-wood interface, possibly one reason why most 
Type 2 failures occur in the steel-epoxy interface. 
In terms of the tensile stress, the highest stress concentration is at the inner end 
of the embedment, probably causing the tensile failure at the inner end of the 
embedment. This kind of failure has been observed in the short duration experiments 
and has been defined as Type 3 Failure Mode. Shear stress is highest in the same 
region. 
6.9.3 Effect of Geometry Change to Stress Distribution 
Comparing Figure 6.10 with Figure 6.8, the shear stress distribution changes 
with the geometry of the connection. This phenomenon suggests that it is possible to 
improve the capacity and performance of the epoxy bonded steel connection by 
modifying the geometry to reduce the stress concentrations and this possibility is 
investigated in a .parametric study using the finite element model in Chapter 7. 
6.10 CONCLUSIONS 
The following conclusions can be drawn from the theoretical model and 
experimental verification: 
.1. The output from the finite element model are in accord with the experimental 
results. The model programmed using a smooth surface steel rod can accurately 
represent the connection with the threaded rod. The model used to analyse the · 
epoxied steel connection is therefore valid. 
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2. Along the embedment, the highest shear stress concentration occurs at the both 
ends of the embedment, with the stress concentration at the inner end higher than 
the outer end of the embedment. 
3. High shear stress gradient occurs across the thickness of the epoxy at the regions 
close to either the inner or the outer embedment end, whereas only a marginal 
stress gradient occurs elsewhere. The highest shear stress gradient exists at the 
inner embedment end region. 
4. The highest tensile stress concentration occurs at the inner end of the embedment. 
5. At the outer end of the embedment both the tangential and the radial stresses have 
their highest values, and it appears that the values at the steel-epoxy interface are 
higher than those at the epoxy-wood interface. All of the transverse stresses 
analysed in this study are tensile stresses. 
6. There is a strong correlation between the failure mode and the stress 
concentration. 
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7.1 OBJECTIVE 
A theoretical model of the epoxied steel connection has been established using 
the finite element method with a computational program ABAQUS. A parametric study 
has been undertaken using this theoretical model. 
The parametric study is to analyse and determine quantitatively the effects ofthe 
material properties and various geometries of the connection. This parametric study 
should result in a more comprehensive understanding of the connection and gives the 
potential for development of a better design philosophy to produce more reliable and 
efficient connections. 
7.2 DESIGN OF THE PARAMETRIC STUDY 
7.2.1 The Reference Model and Parameters 
The parametric study is based on the. theoretical model described in Chapter 
. . 
Five. J'his_model is modified and used as th~ reference model. The study has been 
carried out by varying one parameter at a time from the reference model. The rest of the 
parameters remain unchanged. Four geometric parameters are considered: edge distance . 
(e), embedment length (1), thickness of epoxy (te) and steel rod end geometry. Only one 
. parameter related to material property is subjected to change, this is the modulus of 
elasticity (MOE) of the epoxy. The parameters varied in the study are shown in Table 
7.1. 
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By changing the MOE of the epoxy, the following combinations of material 
properties can be obtained: 
or 
or 
where, 
Es>Ew>Ea 
Es>Ew=Ea 
Es>Ea>Ew 
Es = modulus of elasticity of the steel 
Ew = modulus of elasticity of the wood 
Ea = modulus of elasticity of the epoxy 
7.2.2 Non-dimensionalized Stress 
All of the stresses presented in this study are non-dimensionalized with respect 
to one of the following nominal stresses in the reference model. 
(1) The nominal tensile stress O"nz of the reference model, being the average tensile 
stress over the cross section of the model: 
where, 
(7.1) 
O"nz = nominal tensile stress of the reference model (MPa) 
P = applied tensile load in the connection (N), in this study P = 50,000 N 
A= stress area of the reference model (mm2), A= 1t R2 
R = radius of the cross-section of the reference model (mm) 
(2) The nominal shear stress 't nyz of the reference model on y-z plane, being the 
average shear stress over the surface of the steel rod: 
where, 
p 
'l"nyz =-
red[ (7.2) 
'tnyz = nominal shear stress of the reference model (MPa) 
d = steel rod diameter in the reference model (mm) 
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1 = embedment length of the reference model (mm) 
The nominal tensile and shear stress values are listed in Table 7 .1. During the 
parametric study and analysis of stress distribution, three non-dimensionalized stresses 
were used. They are defined as follows: 
Tensile stress ratio: 
Shear stress ratio: 
Transverse stress ratio: 
O'z I O'nz 
'tyz I 'tnyz 
O'x I O'nz 
where, O'z = the principal stress component in z direction of the model coordinate 
O'x = the principal stress component in x direction of the model coordinate 
'tyz = shear stress in y-z.piane of the model space 
7.2.3 Non-dimensionalized Coordinates 
The location of the stress is defined by non-dimensionalized coordinates, that is, 
z/1 in the longitudinal direction and r/R in radial direction. In the parametric study with 
Cartesian coordinates (Figure 5.3 (a)), r is presented by y within the y-z plane and R is 
the relevant radius of the cross-section in the modelled specimen. 
The design of the parametric study and values of the parameters are shown in 
Table 7.1 and divided into 5 subgroups. The data analysis and comparisons are made 
within the subgroups. Efforts have been made to cover most aspects of the connection 
while simplifying the data analysis and presentation. 
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Table 7.1 The design of parametric study and the values for the parameters 
Absolute Non-dimensional a .. t.,.. R Program Groups Parameter Unit 
magnitude Parameter Values (MPa) (MPa) (rnm) code 
d rnm 20 
-
e rnm 45 e/d 2.25 
I rnm 300 1/d 15 
Reference t, mm 3 1/d 0.15 
model 6.37 2.6S so 3DA-1 E, GPa 200 E,fE, 2S 
E., GPa 8 
- -
-
E, GPa 4 E, IE, 0.5 
L rnm 450 L/1 1.5 
30 1.5 34 3DA-2-1 
45 2.2S so JDA-2-2 
Subgroup 
e rnm 60 e/d 3 6.37 68 3DA-2-3 
one 2.65 
75 3.75 85 3DA-2-4 
90 4.5 102 3DA-2-5 
200 10 3DA-3-1 
250 12.S 3DA-3-2 
Subgroup I 300 1/d 15 6.37 2.6S 50 JDA-3-3 rnrn two 
350 17.5 3DA-3-4 
400 20 3DA-3-5 
2 0.1 3DA-4-1 
Subgroup 3 0.15 3DA-4-2 
t, rnm t,! d three 4 0.2 6.37 2.65 50 3DA-4-3 
6 0.3 3DA-4-4 
4 o.s 3DA-5-I 
Subgroup E, GPa 8 E,/E, 1.0 3D A-5-2 four 
12 1.5 3DA-5-3 
20 0 1.0 3DA-6-3 
Subgroup It, rnm 45 1/d 2.2S 6.37 2.6S 50 3DA-6-4 five 
- -
.. 3DA-6-5 
. ' 
.. 
Note: 1. The code numbers in Italic style represent the models corresponding to the 
reference model. 
2. For subgroup five, the holes in the steel rod end are 18 mm in diameter. 
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7.3 PRESENTATION OF THE RESULTS 
7.3.1 Scope of Presentation 
The data obtained from y-z plane (2-3 plane in ABAQUS notation) of the model 
space in Figure 5.3 can represent the 3 dimensional characteristics of the model because 
of symmetry, although the data is obtained from a 2 dimensional plane. In this way, the 
analysis is simplified. 
The y-z plane of the model space and the locations of the data used in the 
parametric study are sketched in Figure 7 .1. The line a-a is located in the epoxy close to 
the steel-epoxy interface and can be used to analyse the stress distribution around the 
steel-epoxy interface. The line c-c is in the centre of the epoxy and is used to analyse 
the stress distribution in the epoxy. Similarly, the line f-f can be used to analyse the 
stress in the wood near the epoxy-wood interface. 
Based on the preliminary study of the stress distribution using the finite element 
model in Chapter Six and the analysis of the failure modes in _the short duration · 
experiments (Chapter Four), the parametric study concentrated on the regions where the 
magnitudes of the stresses and their gradients are likely to be highest. The regions 
where the failures occurred mostly in the short duration ·experiments also were 
considered. These regions are listed as follows: 
1. Shear stress distribution along the embedment at the centre of the epoxy (line c-c 
in Figure 7.1). 
2';- Shear stress distribution along the embedment in. a region close to the steel-epoxy 
interface (line a-a in Figure 7.1) and the epoxy-wood interface (line f-f in Figure 
7.1). 
3. Tensile stress distribution in the wood along the embedment in a region close to 
the interface (line f-f). 
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4. Tensile stress distribution over the cross-section at the inner end of the steel rod 
(represented by line L-L). 
5. Transverse stress in the wood along the embedment in a region close to the epoxy-
wood interface (line f-f). 
6. Transverse stress over the cross-section near the outer end region of the specimen 
(represented by line P-P). 
Epoxy-wood interface 
Steel-
epoxy 
interface 
e 
p 
Figure 7.1 
L 
The y-z plane of the model and the abstracted data locations (Not to scale) 
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7.3.2 Shear Stress 
1. Effect of edge distance 
Figure 7.2 shows the distribution of the shear stress ratio along the longitudinal 
direction at the centre line of the epoxy, obtained from the different models 
corresponding to the different edge distance. In Figure 7 .2, the straight line at 1.0 
parallel to the x-axis corresponds to a uniform shear stress along the embedment, in 
which, the magnitude equals to the nominal shear stress (the average shear stress) of the 
reference model. The highest shear stress concentration region is in the section close to 
the inner end of the embedment. At this region, the shear stress increases as the edge 
distance decreases. For an edge distance of e=30 mm, the shear stress is almost 4.5 
times the nominal shear stress. The shear stress concentration is less at the outer 
embedment end region than at the inner end. ·Furthermore, for small edge distances, t~e 
shear stress concentrations are higher at the inner embedment end than at the outer end. 
For larger edge distance, the shear stress concentrations are lower at the inner 
embedment end than the outer end. It seems that an edge distance of 60 mm gives the 
best overall shear stress distribution in the epoxy, with similar stress concentrations at 
the inner and outer ends of the bar. 
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2. Effect of embedment length 
Figure 7.3 shows the distribution of the shear stress ratio along the embedment at 
the centre of the epoxy. From the figure, it can be seen that the overall magnitude of the 
shear stress decreases as the embedment length increases; that is the average shear stress 
in the epoxy of the connection can be decreased by increasing the embedment length. 
However it seems that there is no significant modification of the stress concentration 
due to increasing the embedment length. Both embedment end regions have a higher 
shear stress with the highest shear stress concentration region being close to the inner 
embedment end. 
4.5 ,--..::;lD:.:,:Al:='ZZ-:..::2XLS::.::;:.------r---,-----,--------,---,--.:::3D.:;:Alc2.;.;;;· 3'Tr.XU::;:.:__----, 
4 r---~---+---+----r--~---,_---+--~ 
.g 3.5 1-----t-----+---+----t-----t----+----+-----1 
~ 3 r---~---+---+----r--~---,_---+--~ ~ h ~ 2.5 f/J 
.b 2 JJ~ ~ h~ /.~ ~ 1.5 :~::~ / ~'·i.· 
- 1 '~~,;:--~---- ~.·.· 
tf.) '"":.~"".=._ ...... ::---- ,,..,..,.,,, 
......... ,.: .......... - ----- -----::.,::.=::',.. 0.5 E-----T"~-:-::; .. ~-:::.7. •• -::t. --=-....... ·:.,;,.:;.:::.=.:-:.~:.~:.;'f.:..""':.: ..... =~::-='...:;-,;::~--;r.... ~--tt-,~--~---,_ __ _ 
0 ~~~_L~~~~~~~~~~~~~~----~----~--~~ 
0.00 0.20 0.40 0.60 0.80 
zll 
1.00 1.20 1.40 
--1=200 ---- 1=250 ....... 1=300 -·-·- 1=350 _,_ .. 1=400 
1.60 
Figure 7.3 Effect of the embedment length on the shear stress distribution (line c-c) 
3. Effect.of epoxy thickness 
Figure 7.4 shows the shear stress distributions at the centre of the epoxy along 
the embedment in terms of different epoxy thickness. it can be seen ,that the epoxy 
thickness has a greit. influence on the shear stress concentration at the both embedment 
ends, especially at the inner end of the embedment. At this end, the peak value of the 
shear stress is double when the thickness of the epoxy decreases from 6 mm to 2 mm: · 
However, no significant modification occurs at the centre region of the embedment 
when the thickness of the epoxy changes. 
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4. Effect of modulus of elasticity of the epoxy 
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Figure 7.5 shows the shear stress distribution at the centre of the epoxy along the 
embedment direction. It indicates that the MOE of the epoxy has little influence on the 
shear stress, especially at middle section of the embedment length. A modest effect can 
be observed only at the both ends of the embedment, when the shear stress increases as 
the epoxy MOE increases. 
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5. Effect of the geometry of the steel rod 
Figure 7.6 shows the distribution of the shear stress ratio with different end 
geometries of the steel rod. It can be seen from the figure, at the inner end embedment 
region the shear stresses vary with different steel rod end geometry, but in other regions 
the shear stresses are similar. At the inner embedment end region, comparing the peak 
value· of shear stress in the reference model, the peak value in the epoxy falls almost 
50% in the connection with a hole in the end of the steel rod. This indicates that the 
shear stress concentration in the epoxy can be improved by changing the geometry at the 
end of the steel rod. There is not much difference in the peak stress level for holes of 
20 mm and 45 mm depth. 
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Figure 7.6 Effect of the geometry of the steel rod on shear stress distribution (line c-c) 
7.3.3 Tensile Stress 
1: Effect of the edge·· distance 
Figure 7.7 shows the distribution of the tensile stress ratio in wood along the. 
embedment in the region close to the epoxy-wood interface (line f-f). The magnitude of 
the tensile stress changes significantly as the edge distance changes. The lines from top 
to bottom represent different edge distances, from small to large respectively and 
indicate that the average tensile stress increases as the edge distance decreases. 
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However in terms of the tensile stress concentration, no improvement can be made by 
increasing edge distance. For example, compared with the edge distance of e=45 mm of 
the reference model, for the edge distance e=30 mm, the peak value of the tensile stress 
at the embedment end region is approximately 2.25 times larger than that for the 
reference model. This is expected as the average tensile stress for the edge distance 
e=30 mm is 2.25 times greater than that for the reference model due to reducing the 
stress area. Furthermore, Figure 7.7 also shows that the highest tensile stress region is at 
the inner end of the embedment. A detailed study was made around this region and the 
results are presented in Figures 7 .8. 
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Figures 7.8 describe the tensile stress distribution over the cross-section at the 
inner end of th13 embedment (line L-L in Figure 7.1). There is no tensile stress at the end 
of the steel rod because the model is defined with no bond between the steel and the 
epoxy at this region. Figure 7.8(a) displays the tensile stress within the epoxy layer 
from the steel-epoxy interface to the epoxy-wood interface and it can be seen from ,the 
. . 
figure that the tensile stress increases as the edge distance decreases. The gradient of the 
tensile stress is very high over the thickness of the epoxy, especially in the region close 
to the steel-epoxy interface; the highest tensile stress is at the steel-epoxy interface. 
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At the same cross-section, similar stress distributions can be observed within the 
wood in Figure 7.8(b). The highest tensile stress occurs in the epoxy-wood interface. In 
practice this stress concentration in the wood may result in cracking at the inner end of 
the embedment over the cross-section of the specimen. This is the major cause of Type 
3 failure mode. 
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2. Effect of embedment length 
Figure 7.9 shows the tensile stress distribution in wood along the embedment 
(line f-f). It can be seen that no significant modifications occurs in terms of the stress 
concentration and magnitude of the tensile stress. 
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Figure 7.9 Tensile stress distribution with effect of embedment length change (line f-f) 
Figure 7.10 shows the distribution of the tensile stress ratio within the wood over 
the cross-section at the inner embedment end (line L-L). It indicates that the 
modification of the stress only can be observed at the epoxy-wood interface. In general, 
no significant modifications of the tensile stress distribution occur when the embedment 
length changes. 
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3. Effect of epoxy thickness 
Figure 7.11 displays the tensile stress distribution inside the wood along the 
embedment length at the region close to the epoxy-wood interface. The effect due to the 
change in the thickness of the epoxy only occurs at both ends of the embedment, but no 
obvious effect occurs along the central region of the embedment. 
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Figures 7.12 (a) and (b) show the tensile stress distribution over the cross-section 
at the inner end of the embedment where the tensile stresses are highest (line L-L). 
Figure 7.12 (a) plots the tensile stress distribution within the epoxy. The x-axis 
represents the thickness of the epoxy and shows that there are obvious effects due to the 
epoxy thickness change. The tensile stress increases as the thickness of the epoxy 
decreases. Figure 7.12 (b) shows the stress distribution within the wood at the same 
cross-section. The effect due to the epoxy thickness change only can be observed 
~ ~ . 
around the epoxy-wood interface area and there are no obvious effects in the other area. 
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4. Effect of modulus of elasticity .. of ~poxy 
Figure 7.13 shows the tensile stress distributions in the wood along the 
embedment in terms of different modulus of elasticity in the epoxy. Only minor 
modification of the tensile stress occurs at the inner embedment end and at this region 
the tensile stress increases slightly with decreasing MOE value of the epoxy. No 
significant effect can be observed over the rest of the embedment. 
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Figure 7.13 Effect of the MOE of the epoxy on the tensile stress distribution along the 
embedment (line f-f) 
Figure 7.14 shows the tensile stress distribution within the wood over the cross-
section at the inner embedment region in terms of the different modulus of elasticity for 
the epoxy. Only minor effect can be observed, occurring in the region around the 
epoxy-wood interface. 
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5. Effect of the geometry of the steel rod 
Figure 7.15 plots the tensile stress distribution in the wood along the 
embedment. Each line represents different geometries at the steel rod end, the solid line 
representing the reference model. The dashed line represents the rod with a hole of a 
diameter of 18 mm and depth of 20 mm at the end. The dotted line corresponds the rod 
with a hole diameter of 18 mm and depth of 45 mm. The finite element analysis results 
show that no significant changes occur in tensile stress concentration due to changes in 
the steel rod end geometry. As can be seen although the magnitude of the tensile stress 
does not change significantly, the gradient of the tensile stress distribution does change, 
resulting in a change in the shear stress distribution shown in Figure 7.6. 
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7 .3.4 Transverse Stress 
1.60 
In theshort" dur~tion tensile loading experiments, Type 2 failure mode was the 
most common failure, viz. the steel rod pullout failure with the splitting of the wood at 
the outer end of the embedment. Based on this observation and the analysis results from 
the reference model, the data analysis in this section concentrated on the transverse 
stress in wood at the region close to the epoxy-wood interface along the embedment 
(line f-f in Figure 7.1) and over the cross-section close to the outer end of the 
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embedment (line P-P in Figure 7.1), where the Type 2 failure mode and the highest 
transverse stresses occur. 
1. Effect of edge distance 
Figure 7.16 shows the transverse stress distribution in the wood along the 
longitudinal direction, recording the highest magnitudes of stresses at the outer end of 
the embedment. Although some modifications can be observed with the change of the 
edge distance, no significant changes occur in terms of the magnitude of the stress and 
the stress concentration. 
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Figure 7.16 Effect of the edge distance on the transverse stress distribution along the 
embedment (line f-f) 
2. Effect of embedment length 
The influence of the embedment length on the transverse stress is presented in 
Figure 7.17 and Figure 7.18. Figure 7.17 shows the transverse -stress along the 
~mbedment; The difference in the stress due to the different embedment lengths can be 
observed in the region near the outer end of the embedment; the stress increases 
coincide with decreasing the embedment length. No significant changes are observed in· 
the other regions away from the outer embedment end. Figure 7.18 (a) displays the 
transverse stress across the thickness of the epoxy over the cross-section near the outer 
end of the embedment, indicating that ·stress increases as the embedment length 
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decreases. It also shows that the stress gradient along the thickness of the epoxy: at the 
steel-epoxy interface (r = d/2) the stress reaches the highest value, while at the epoxy-
wood interface (r = d/2 + te) the stress has its lowest value; the transverse stress 
distribution within the wood at the same cross-section is shown in Figure 7.18 (b). At 
the epoxy-wood interface the stress increases more than 55 % as the embedment length 
decreases from 400 mm to 200 mm. Away from the interface towards the wood surface 
both the magnitudes of the transverse stresses for all of embedment lengths and their 
differences become smaller. 
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Figure 7.18 (b) Effect of the embedment length on the transverse stress distribution 
within the wood over the cross-section (Line P-P) 
3. Effect of thickness of epoxy 
Figure 7.19 shows the transverse stress distribution in the wood along the 
embedment at the region close to the epoxy-wood interface. Change in the stress due to 
the change of the epoxy thickness only occurs in a small region close to the outer end of 
the embedment. No significant change can be observed for the rest of the embedment 
length. Figure 7.20 shows the transverse stress distribution within the wood over the 
cross-section at the outer end of the embedment. The highest stress is at the epoxy-
wood interface and the greatest difference in the stress among the different epoxy 
thickness is in the region close to the interface. Both the magnitudes and the differences 
of the stress become smaller away from the interface towards the wood surface. 
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Figure 7.20 Transverse stress distribution within the wood over the cross-section at the 
outer end of the embedment (line P-P) 
4. Effect of modulus of elasticity of the epoxy 
Figures 7.21 display the effect of the modulus of elasticity of the epoxy on the 
transverse stress distribution. Figure 7.21 (a) shows the stress distribution in the wood 
over the cross-section near to the outer end. Figure 7.21 (b) displays the stress 
distribution in wood along the embedment. Although minor difference in the stress can 
be observed at the epoxy-wood interface in the cross-section close to the embedment 
end (Figure 7.21 (a)), in general, no significant modification occurs in the wood due to 
the change of the MOE in the epoxy (Figure 7.21 (b)). 
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Figure 2.21 Effect of the modulus of elasticity of the epoxy on the transverse stress 
5. Effect of the geometry at the steel rod end 
There are no effects on the transverse stress at the outer end of the embedment 
region because the geometry was changed at the inner end of steel rod only. This does 
not affect the regions away from the inner end of the steel rod. In the region close to the 
inner end of the steel rod, although the hole at the end of the steel rod would result in a 
different stress distribution, the differences are not significant since the magnitudes of 
the stress are almost zero in that region (Figure 7.22). 
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Figure 7.22 Effect of geometry change at the steel rod end on the transverse stress (line 
f-f) 
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7.4 DISCUSSION AND CONCLUSION -
This study concentrated on the analysis of the longitudinal tensile stress in wood, 
shear stresses in the epoxy and interfaces, and transverse stress around the outer end of 
the connection. Other stresses are not only of much smaller magnitude compared with 
the stresses analysed in the parametric study, but also have little effect on the 
performance and capacity of the connection. Therefore, these stresses were not 
considered in this study. 
The stresses presented in the parametric study play an important and dominant 
role in the various failure modes of the epoxied steel connection, and can be used to 
describe the mechanism of failure and behaviour of the connection. Furthermore, an 
improvement in these stress distributions could make a major contribution to an 
optimised connection with high load capacity and best performance. 
7.4.1 Discussion on the Shear Stress 
Comparing the influences of the different parameters in te!Tils of shear stress 
distribution in the epoxy, the stress concentration can be improved significantly by 
changing the edge distance and by drilling a hole at the end of the steel rod. Changes in 
the epoxy thickness also have major effects on the shear stress distribution. The 
modification of the modulus of elasticity in the epoxy and the embedment length have 
minor effects on the shear stress distribution. In terms of the average shear stress, a 
significant change only can be made by changing the embedment length. As expected, 
the average shear stress doubles if the embedment length were reduced from 400 mm to 
200 mm. However in terms of the stress concentration, the peak value for the shear 
stress d0es not change significantly if the same reduction applies. 
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7.4.2 Discussion on the Tensile Stress 
The major tensile stress concentration occurs in the region around the inner 
embedment end. At this region the tensile stress along the embedment in the wood is 
the highest. Most parameters analysed in the parametric study have no significant effect 
to improve the tensile stress concentration. The thickness and the MOE of the epoxy 
only have minor influence on the tensile stress distribution. It noted that the edge 
distance must be considered since the average tensile stress can be modified 
significantly by changing the edge distance. 
7.4.3 Discussion on the Transverse Stress 
Transverse stress concentration occurs in the outer embedment end region, the 
highest stress, which may cause the connection failure, occurs in the steel-epoxy 
interface at the outer end of the embedment. Only the embedment length and the epoxy 
thickness have significant effects to modify the transverse stress distribution. The other 
parameters have no significant effects in modifying the stress concentration. 
7.4.4 General Discussions 
After the parametric study and the analysis of the stress distribution, the 
explanation why tensile strength is not directly proportional to the embedment length 
could be as follows: 
1. The shear stress distribution along the embedment length was not uniform (Figure 
7 .3), t~refore the relatio_Qship between the embedment length and sh~ar -'s_tre~s 
may. not be linear.-
2. There are shear stress concentrations in the regions close to both ends of the 
embedment (Figure 7.3). This stress concentration is not reduced significantly by 
increasing the embedment length. Therefore, further increasing the embedment 
length would not increase the connection loading capacity linearly. 
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3. Tensile stress concentration in the region close to the inner end of the embedment 
(Figure 7.9) is the major cause of Type 3 and Type 4 Failure Modes; the stress 
concentration does not reduce significantly by increasing the embedment length. 
Therefore, further increasing the embedment length would have not any 
significant effect in increasing the loading capacity of the connection if it was 
likely fail with Type 3 and Type 4 Failure Modes. 
7.4.5 Concluding Remarks 
Based on the results of the comprehensive parametric study, the following 
conclusions can be drawn: 
1. The threshold of edge distance exists; this study suggests that the edge distance 
should be no more than 3 bar diameters. Further increasing edge distance does 
not yield any significant benefit in terms of the stress distributions. 
2. A thick epoxy layer results in a better stress distribution than does a thin one. 
3. The shear stress concentrations around the connection can be reduced by using 
an epoxy with a lower modulus of elasticity. 
4. A better shear stress distribution at the inner end of the connection can be 
achieved by drilling a hole at the inner end of the steel rod. 
5. The transverse stress concentration and the average shear stress can be reduced 
. by increasing the embedment length. 
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8.1 INTRODUCTION 
Time-dependent behaviour is one of the most important characteristics of the 
epoxy-bonded steel glulam connection. Timber is different from other major structural 
materials (steel, concrete) in that its strength tends to reduce under long duration loads 
(Bodig and Jayne, 1982; Madsen, 1992). The connection as a composite of wood-steel-
epoxy, may manifest creep rupture or static fatigue - a phenomenon of fracture under 
sustained load at a level less thari that required to cause fracture under a short duration 
load. This study takes into account load duration and environmental conditions since 
design capacity may vary with duration of load and environmental factors (such as 
moisture content in the structure). If the duration of load is short, the failure load would 
be greater than if continuously applied. A safe and rational design of the connection 
must be based on adequate information of the connection characteristics and 
performance under long duration load. A experimental study on the effects of long 
duration load and environmental condition was undertaken. 
8.2 OBJECTIVES AND SCOPE 
The objectives of the study are to understand the time-dependent behaviour and 
characteristics of· the connection subjected to the su~tained long ·duration load under 
· 'different environmental conditions. The strength of the connection is investigated under 
long duration load and compared with the strength of the connection subjected to sho~ . 
duration load to obtain adequate information of the connection performance under long 
duration load. The study also investigates the influence of environmental conditions 
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and seeks to understand the behaviour of the glulam timber structure - moisture content 
fluctuation and shrinkage - under relative high humidity service conditions. 
Two projects were undertaken to realise the above objectives, viz. a long 
duration tensile loading experiment as Experiment Three and a project monitoring the 
moisture content and shrinkage of the glulam timber in a swimming pool (the swimming 
pool project). Experiment Three formed the major part of the study. The swimming 
pool project was to generally investigate moisture content fluctuation and shrinkage of 
glulam timber in a relative high humidity environment. 
The experiment was initiated and the specimens would be continually subjected 
to the sustained tensile load until the failure would occur. Moisture content was 
considered as a major environmental factor in both projects. A comprehensive study of 
the detailed mechanism of time dependent behaviour is beyond the scope of this study. 
8.3 TEST PROGRAMME OF EXPERIMENT THREE 
8.3.1 Design of the Experiment 
The design of Experiment Three was based on the results of Experiment One. 
Load level and five other factors directly adopted from Experiment One were selected as 
-
the main factors in the experiment - embedment length, bar diameter, moisture contents, 
bar type, epoxy type and load level. Hole diameter and edge distance appeared less 
significant in the short duration experiments and were not considered as main factors in 
this experiment. The levels for each factor are listed in Table 8 .1. 
--..... 
175 
Table 8.1 Design of long duration experiment · 
Levels Embedment Bar Bar Epoxy Load 
Diameter Moisture Type Type Level 
I d 
(mm) (mm) 
1 7.5d 16 dry/control threaded West System 40% 
2 lOd 20 wet/cycle deformed K-80 60% 
3 15d - - - - -
The experiment was designed on the same principle as Experiment One, that the 
likely failure would occur in the connection rather than in the glulam timber or in the 
steel rod. Two load levels would be used in the experiment. The load levels were 
defined as 40% and 60% of axial tensile capacity of the connection under the short 
duration load. The values for each specimen was calculated using Equation 2.6. Since 
the Equation 2.6 was developed from deformed reinforcing bar, for the connection using 
threaded steel rod, a 26.3% increase is considered based on the results from Experiment 
One (Table 4.3). The edge distance used in the experiment is 2.25~, same as the high 
level of edge distance in Experiment One. The hole diameter is 1.275d, which is the 
average of the two hole diameters used in Experiment One. 
Two different environmental conditions were applied in the experiment: A dry 
environmental condition and a wet-dry cycle environmental condition. The dry 
environmental condition corresponded to normal indoor conditions with a little heating 
in winter, but no cooling in the summer. The average temperature was about 20°C with 
range of 8°C to 26°C and the average relative humidity about 55%. The wet-dry 
cyclical ·environmental condition simulated nat~ral o~tdoor ~eath~r c~nditions which 
~ 
· were provided by a water irrigation system and natural air circulation. 24 control 
specimens were maintained in the dry environmental condition and the other 24 as 
outdoor specimens subjected to a series of wet-dry cycles. 
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The wet-dry cyclical environmental conditions were separated into two stages as 
shown in Table 8.2. .·Stage One included the first wet and dry cycle. Stage Two 
consisted of several subsequent wet and dry cycles. The moisture content during wet 
cycle of Stage One was designed to reach fibre saturation point, while in Stage Two, the 
maximum target moisture content was 23% in wet cycles. This is lower than that in 
Stage One. 
Stage Two programme continued after Stage One terminated. At the beginning 
of Stage Two, all of the specimens were reloaded to the target load and the specimens 
which had failed in the Stage One were replaced. 
Table 8.2 Proposed moisture content in the outdoor specimens 
Stage Environment Moisture Content Range (%) 
Stage wet 25-29 
One dry 12- 16 
Stage wet 19-23 
Two dry 12- 16 
8.3.2 Materials 
The ~arne materials were used in Experiment Three as used in the short duration 
experiments and have been described in detail in Chapter Three. The glulam timber was 
-
selected from the same batch as in Experiments One and Two. K-80 and West System 
epoxy were used. Two type of steel rod were selected. One was high strength threaded 
rod with diameters of 16 mm and 20 mm (AISI4140); the other was high strength 
deformed rei!lforcing bars (HD430) with a nominal diameter of 20 mm. 
8.3.3 Construction of Loading Frames 
Several loading methods were investigated as described in some previous 
reports. In Riberholt's test (Figure 8.1), concrete blocks were used as weights to load 
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the specimens as a beam. A simple layout of beams using a reaction rig to get the· 
required loading was proposed by Crews' study (Figure 8.2). 
Lateral support of plywood 
~--_:__...!.519~0~0----..tt--....!700~-~~- -··--1900.cx_~----ff 
Figure 8.1 Load Configuration of Long Duration Experiment (Riberholt, 1986) 
Figure 8.2 Sketch of the Set-up for Long Duration Test (Crews, 1993) 
A l!J.rge quantity of glulam timber is required in both cases described above 
because the specimens are loaded in bending. In addition, a big test area is essential 
because of the span of the glulam beams. Therefore an alternative loading method has 
to be obtained during the experiment design to eliminate the limitation of available 
material resource and space. A loading method using direct tension was designed to get 
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more test specimens and to use less test space. Spring was -used for each loading frame 
with intention to keep the constant tensile load on the specimen while relaxation of the 
specimen occurred. 
48 loading frames were constructed as shown in Figure 8.3. Each consisted of 
two steel channels (100x50 mm), two steel end plates and four steel strips. A steel plate 
was welded to the end of the two steel channels. Both channels were parallel and 
exactly the same length. Four steel strips were welded on the channels to reinforce the 
frame against buckling. The configuration of a loading frame with a test specimen 
subjected tensile load is shown in Figure 8.4. 
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Sketch of loading frame for long duration experiment (Not to scales) 
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1 = Movable steel plate 
2 =Reinforcing steel strip (x4) 
3 = Fixed steel plate 
4 = Channel 1 00x50 (x2) 
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demecgauge test specimen 
moisture probe channels 
Figure 8.4 Configuration of a specimen under the test 
8.3.4 Testing Sites and Irrigation System 
4 steel 
strips 
end 
plate 
Two test sites were arranged for the indoor and outdoor specimens. The control 
specimens were located in a laboratory area as shown in Figure 8.5 with a normal indoor 
environment in the Department of Civil Engineering, University of Canterbury 
(Christchurch, New Zealand). For the outdoor specimens, a timber shed was 
constructed to locate these specimens and to provide the environment condition sought 
for the experiment. Figures 8.6 (a) and (b) show a overview of the testing site and the 
outdoor specimens. 
The shed and irrigation system were built to simulate the outdoor climate 
environment while the specimens were not directly exposed to the sun. Easy adjustment 
of air circulation and humidity were also considered. The ~hed was built with 50 x 100 
mm timber-stud as .frame and rigid translucent sheeting for the roof. The wall was inade 
from galvanised chicken mesh covered by garden shade doth. The cloth was movable 
to adjust the air circulation. A irrigation system with a adjustable electronic water timer 
control unit (Rainmatic 2500) was built to obtain the required moisture in the 
specimens. The system consisted of 3 sprinklers and 24 fine nozzles. The sprinklers 
were attached underneath the roof and could be adjusted individually to obtain the 
required moisture content in the specimens. The fine nozzles were located nearby the 
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specimens and produced a fine mist of water ·during the wet parts of the cycles. The· 
irrigation system could be controlled automatically by the electronic water timer control 
unit or manually. 
Figure 8.6 (a) Overview of the long duration experiment: the outdoor test site 
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Figure 8.6 (b) Overview of the long duration experiment: the outdoor specimens 
8.3.5 Instrumentation 
1. Moisture content measurement 
Moisture content in -each specimen was measured by a electric resistance type 
moisture meter (Timberrnaster Model D184T, Protimeter Ltd.), the meter being 
connected to a pair of metal probes in each specimen via electric leads and a multi-
channel switch box. Permanent probes were made from 2.5 x 60 mm galvanised steel 
nails to prevent rusting and to obtain a good contact with the wood and were sealed 
tightly with 2 mm diameter PVC collar to insulate them from the wood. Only the tip of 
each probe was exposed to provide the contact surface with the wood. In this manner, 
the moisture content can be measured at the same required dep~h. A pair of probes was 
embedded into each sp~cimen_and located at the centre regi.on of the conriectiort (Figure 
. ' 
8.4); the distance between two probes was 29 mm. Electric leads were soldered onto the 
top of the probes and connected with the switch box. Insulation of the probes at the 
surface of the specimens was achieved with several coatings of SN4. The reading from 
the electric moisture meter was calibrated by the oven dry method. Two glulam timber 
blocks were used and the moisture contents were recorded using the moisture meter via 
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a pair of embedded probes and by oven dry method. The calibration results are listed in· 
Table 8.3. 
Table 8.3 Calibration for the electric moisture meter using the probes 
Code Original Oven dry Moisture Moisture 
weight (g) weight (g) content (%) 1 content (% )2 
MC-1 138.2 123.5 12.7 11.9 
MC-2 122.2 109.7 11.2 11.4 
Note: 1. 
2. 
Moisture content readings measured from the moisture meter. 
Moisture content readings obtained using the oven dry method. 
2. Measurement of sustained. tensile load 
A 5 mm length strain gauge (KFC-5-C 1-11 electric resistance type foil strain 
gauge from Showa Measuring Instruments Co. Ltd.) was glued to the surface of the steel 
rod close to the embedment end. The gauge factor was 2.11 and the resistance was 
120.1 ± 0.30; the location of the strain gauges is shown in Figure 8.4. The strain 
gauges were calibrated by the AVERY General Purpose Universal Testing Machine 
(Type 7104 DCJ, 1000 kN). Readings were directly measured from a P-3500 Digital 
Strain Indicator. A quarter bridge circuit was used. This calibration was reproduced to 
set the target tensile load for each specimen while the loading procedure was carried 
out. 
3. Measurement of displacement 
. The displac~ent of the connections was monitored by a DEMEC ,(demountable 
- -
- ·mechanical) gauge, the displacement being read between two DEMEC steel targets 
(DEMEC gauge measuring points). One was installed on the steel rod and the other 
glued to the surface of the wood specimen 50 mm from the end. For the threaded steel 
rod, the DEMEC target was glued on a small steel rod which was welded on a steel nut 
as shown in Figure 8.7 (a). The nut with the DEMEC target was mounted and fixed 
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after the specimen was prepared. For the deformed reinforcing bar, the target was 
welded directly to the bar as shown in Figure 8.7 (b). The displacement was monitored 
on 12 specimens representing different bar type, epoxy, bar diameter, load level, 
embedment and environment (Table 8.6). It is assumed that no tensile elongation of the 
steel rod occurs under the sustained tensile load and the shrinkage or swelling of the 
wood on the surface near to the end of the specimen are negligible, so that the 
measurement from the DEMEC gauge would sufficiently represents the displacement of 
the connection. Therefore, the rheological behaviour of the connection under the 
sustained tensile load may be described by this displacement. 
B 
I 
I 
B 
threaded rod 
Demec target 
steel rod 8 B-B 
Nut M4 
Number d(mm) Ld (mm) 
2 16 
8 20 
.. 
'· 
·' 
Figure 8.7 (a) Layout of DEMEC gauge target in-stallation on a threaded rod (Not to 
scale) 
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Steel bar t/>8 
- Demec target 
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L 
Threaded end 
Figure 8.7 (b) Layout ofDEMEC gauge target installation on a deformed bar (Not to scale) 
8.3.6 Specimen Preparation 
The glulam timber was cut to the required dimensions followed Table 8.4 and each 
glulam specimen was coded; the weight and dimensions were then recorded for calculating 
average density. Embedment holes, injection holes and moisture probes holes were drilled. 
Steel rods were cut into the required length according to Table 8.4. The long 
threaded steel rod at the support end is to facilitate the hydraulic jack in loading the 
specimens. The procedures of the specimen assembling, epoxy preparation and injection 
being the same as procedures used in the short duration experiments described in Chapter 
Three. 
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Table 8.4 The dimensions of the specimens in Experiment Three 
Dimension of the Glulam Timber (mm) Dimension_of_the_Slecl.Ro.d1mml_ 
Code 
3001 
3002 
3003 
3004 
3005 
3006 
3007 
3008 
3009 
3010 
3011 
3012 
3013 
3014 
3015 
3016 
3017 
3018 
3019 
3020 
3021 
3022 
3023 
3024 
3025 
3026 
3027 
3028 
3029 
3030 
3031 
3032 
3033 
3034 
3035 
3036 
3037 
3038 
3039 
3040 
3041 
3042 
3043 
3044 
3045 
3046 
3047 
3048 
Note: 
Threaded rod 
L It I, lm a h d 1st 
600 120 180 300 72 20 16 270 
600 120 180 300 72 20 16 270 
600 120 180 300 72 20 16 270 
600 120 180 300 72 20 16 270 
600 160 240 200 72 20 16 310 
600 160 240 200 72 20 16 310 
600 160 240 200 72 20 16 310 
600 160 240 200 72 20 16 310 
600 240 240 120 72 20 16 390 
600 240 240 120 72 20 16 390 
600 240 240 120 72 20 16 390 
600 240 240 120 72 20 16 390 
600 150 250 200 90 26 20 300 
600 150 250 200 90 26 20 300 
600 150 250 200 90 26 20 300 
600 150 250 200 90 26 20 300 
700 200 300 200 90 26 .20 350 
700 200 300 200 90 26 20 350 
700 200 300 200 90 26 20 350 
700 200 300 200 90 26 20 350 
700 300 300 100 90 26 20 450 
700 300 300 100 90 26 20 450 
700 300 300 100 90 26 20 450 
700 300 300 100 90 26 20 450 
600 150 250 200 90 26 20 300 
600 150 250 200 90 26 20 300 
600 150 250 200 90 26 20 300 
600 150 250 200 90 26 20 300 
700 200 300 200 90 26 20 350 
700 200 300 200 90 26 20 350 
700 200 300 200 90 26 20 350 
700 200 300 200 90 26 20 350 
700 300 300 100 90 26 20 450 
700 300 300 100 90 26 20 450 
700 300 300 100 90 26 20 450 
700 300 300 100 90 26 20 450 
600 150 250 200 90 26 20 
-
600 150 250 200 90 26 20 -
600 150 250 200 90 26 20 -
600 150 250 200 90 26 20 -
700 200 300 200 90 26 20 
-
700 200 300 200 90 26 20 
-
700 200 300 200 90 26 20 
-
700 .... 200 '300 200 90· 26 20 
-
-700 300 300 100 90 26 20 
-
700 300 300 100 90 26 20 -
700 300 300 100 90 26 20 -
700 300 300 100 90 26 20 -
L = overall length of the glulam timber specimen 
lt = length of the embedment hole in the test end 
Deformed bar 
Iss d 1st 
630 - -
630 
- -
630 
- -
630 - -
690 
- -
690 
- -
690 - -
690 - -
690 
- -
690 
- -
690 
- -
690 - -
700 
- -
700 
- -
700 
- -
700 . - -
750 - -
750 - -
750 
- -
750 - -
750 
- -
750 
- -
750 
- -
750 
- -
700 
- -
700 
- -
700 
- -
700 - -
750 
- -
750 
- -
750 
- -
750 
- -
750 
- -
750 
- -
750 
- -
750 - -
700 20 300 
700 20 300 
700 20 300 
700 20 300 
750 20 350 
750 20 350 
750 . 20 350 •. 
750 20 350 
750 20 450 
750 20 450 
750 20 450 
750 20 450 
Iss 
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
... 
< • 
.. 
-
-
-
-
-
Is= length of the embedment hole in the support end 
lm = distance between the two inner ends of the embedment holes 
a= cross-section dimension, a= b = 2 x e (edge distance) 
h =the diameter of the embedment hole 
d = the steel bar diameter 
lst = length of the steel bar used in the test end 
Iss = length of the steel bar used in the support end 
8.3. 7 Experiment Set-up 
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The specimens were put into the loading frames and fixed by the end plates and 
nuts. Each specimen was aligned and pre-loaded by adjusting the nuts on both ends of 
the specimen. For each specimen, the target tensile load shown in Table 8.6 was applied 
by a hydraulic jack with a bracket and the load level was maintained by the nuts on both 
end of the specimen and the reaction frame. All loading was monitored by the P-3500 
Digital Strain Indicator. The initial load for each specimen was slightly higher than the 
target load as the load would drop slightly after the hydraulic jack was released. After 
150 days, the same loading procedure was repeated to restore the target load level as the 
target load was sustained with minor reduction due to the relaxation of the specimen. 
The wires of the strain gauges and the moisture probes were connected to the switch 
box after the specimens were loaded. The outdoor specimens were loaded in the dry 
condition with moisture content below 15%. 
8.3.8 Experimental Procedure 
The data for both wet and dry specimens were recorded every week in a period 
of 570 days then every month. For each specimen, the tensile load and moisture 
content was measured. The displacements of the connection in the selected specimens 
were measured by the DEMEC gauge. 
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Table 8.5 Scheme of the wet-dry cycles for the outdoor specimens 
Cycles 
Stage 
One 
Stage 
Two 
Note: 1. 
2. 
Environment Period Irrigation Moisture 
of Time Contene 
(days) (%) 
1 wet 90 irrigation on2 25-29 
dry 60 irrigation off3 12-16 
2 wet 90 irrigation on 19-23 
dry 60 irrigation off 12-16 
3 wet 90 irrigation on 19-23 
dry 90 irrigation off 12-16 
44 wet 90 irrigation on 19-23 
dry 90 irrigation off 12-16 
This is the expected range of the average moisture content. 
The irrigation system was ·controlled automatically by the electronic 
water timer control unit (Rainmatic 2500). Water would spry regularly 
several times every day during the entire wet part of the cycle. The timer 
can be adjusted to obtain the target moisture content. 
3. The irrigation system was switched off permanently so there was no 
water spray. 
4. The wet-dry cycle would be continued until85% outdoor specimens fail. 
The schedule of the wet-dry· cycles for the outdoor specimens is listed in .. Table 
~ . ;-~ ... . . .. { 
8.5. At tne. beginning 6f Stage Two, any specimen which failed in the Stage One was 
replaced by another specimen with exactly same parameters and all of the specimens 
were reloaded to the target load. 
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8.4 RESULTS OF EXPERIMENT THREE 
8.4.1 Moisture Content Fluctuations 
Figure 8.8 shows the average moisture content both in the outdoor and indoor 
specimens. The indoor (control) specimens remained approximately constant in the test 
period; the average moisture content of the indoor specimens was about 10% within a 
very small range of fluctuation. Conversely, the average moisture content in the outdoor 
specimens changed with time and simulated natural environmental conditions. 
It also can be seen from the figure that the average moisture content between Stage 
One and Stage Two was different. The average moisture content during the wet part of the 
cycle in Stage One was about 28%, almost the fibre saturation point of Pinus Radiata 
(29% ). By way of contrast, the average moisture content at the wet cycles of Stage Two 
only reached about 21%. 
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Figure 8.8 Average moisture content during the long duration experiment 
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8.4.2 Sustained Tensile Load in the Specimens 
Figures 8.9 show the overall tensile load fluctuation due to the fluctuating 
environmental condition and the rheological behaviour of the wood and the connection. 
Figures 8.9 display the tensile load ratio of each specimen. The ratio is defined as 
tensile load at a certain time divided by the target tensile load for each specimen. Figure 
8.9 (a) shows the tensile load ratio for all outdoor specimens. Figure 8.9 (b) displays the 
tensile load ratio for the indoor specimens. As can be seen from Figure 8.9 (a), most 
failures of the connections occurred at Stage One, in which the specimens were 
subjected to a harsh environment. Only 3 specimens failed under Stage Two's relative 
mild moisture environment. 
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Figure 8.9 (a) Overall tensile load fluctuation in outdoor specimens 
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Figure 8.9 (b) Overall tensile load fluctuation in indoor specimens 
8.4.3 Failed Specimens and Failure Mode 
During the 600 days of testing, most indoor specimens still sustained the tensile 
load. Only two specimens failed both with Type 3 failure mode. Of the outdoor 
specimens, 15 specimens failed with Type 2 failure mode at Stage One while only 3 
specimens failed in Stage Two. The results are shown in Table 8.6. 
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Table 8.6 (a) Results of Experiment Three- Stage One 
Code Bar Eooxv d h I e MC Load DEMEC Tareet Dumtion Failure 
Type Type Level Load Mode 
(mm) (mm) (mm) (mm) (leN) (days) 
1001 T_ K-80 16 20 J2Q_ _36 _cvcle low __24..1 
3002 T K-80 16 20 120 36 control low 24.1 
3003 T K-80 16 20 120 36 cycle high • 36.1 
3004 T K-80 16 20 120 36 control high • 36.1 
3005 T K-80 16 20 160 36 cycle low 32.1 114 sip 
3006 T K-80 16 20 160 36 control low 32.1 
3007 T K-80 16 20 160 36 cycle high 48.2 
3008 T K-80 16 20 160 36 control high 48.2 
3009 T K-80 16 20 240 36 cycle low 48.2 49 sip 
3010 T K-80 16 20 240 36 control low 48.2 
3011 T K-80 16 20 240 36 cycle high 72.3 
3012 T K-80 16 20 240 36 control high 72.3 
3013 T K-80 20 26 150 45 cycle low • 40.7 107 sip 
3014 T K-80 20 26 150 45 control low • 40.7 
3015 T K-80 20 26 150 45 _cycle high .. 61.1 36 sip 
3016 T K-80 20 26 150 45 control high • 61.1 
3017 T K-80 20 26 200 45 . cycle low 54.3 12 sip 
3018 T K-80 20 26 200 45 control .low 54.3 
3019 T K-80 20 26 200 45 cycle high 81.4 49 sip 
3020 T K-80 20 26 200 45 control high 81.4 
3021 T K-80 20 26 300 45 cycle low 81.4 42 sip 
3022 T K-80 20 26 300 45 control low 81.4 
3023 T K-80 20 26 300 45 cycle high • 122.1 65 sip 
3024 T K-80 20 26 300 45 control high • 122.1 
3025 T WS 20 26 150 45 cycle low 40.7 
3026 T ws 20 26 150 45 control low 40.7 
3027 T ws 20 26 150 45. cycle high • 61.1 42 sip 
3028 T ws 20 26 150 45 control high • 61.1 
3029 T ws 20 26 200 45 cycle low 54.3 
3030 T ws 20 26 200 45 control low 54.3 
3031 T ws 20 26 200 45 cycle high 81.4 
3032 T ws 20 26 200 45 control high 81.4 
3033 T ws 20 26 300 45 cycle low 81.4 18 sip 
3034 T ws 20 26 300 45 control low 81.4 
3,935 T ws 20 26 300 45 cycle high 122.1 70 sip 
3036 T ws 20 26 300 45 control high 122.1 
3037 D K-80 20 26 150 45 cycle low 32.2 28 sip 
3038 D K-80 20 26 150 45 control low 32.2 
3039 D K-80 20 26 150 45 cycle high • 48.4 
3040 D K-80 20 26 150 45 control high • 48.4 
3041 D K-80 20 26 200 45 cycle low ... 43. .49 sip 
3042 D ""'-1<-80 20 26 -, 200 45 control low 43 ! 
3043 D K-80 ' 20- 26 200 45 cycle high 64.5 
3044 D K-80 20 26 200 45 control high 64.5 
3045 D K-80 20 26 300 45 cycle low 64.5 70 sip 
3046 D K-80 20 26 300 45 control low 64.5 
3047 D K-80 20 26 300 45 cycle high 96.7. 70 sip 
3048 D K-80 20 26 300 45 control high 96.7 
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Table 8.6 (b) Results of Experiment Three- Stage Two 
Code Bar Eooxv d h I e MC Load DEMEC Tare:et Duration Failure 
Type Type Level Load Mode 
(m (m (mm (m (kN) (days) 
"1001 T K-RO 11) ?0 120 36 r.vd" lnw ?.41 
3002 T K-80 16 20 120 36 control low 24.1 
3003 T K-80 16 20 120 36 cycle high • 36.1 
3004 T K-80 16 20 120 36 control high • 36.1 
3005A T K-80 16 20 160 36 cycle low 32.1 
3006 T K-80 16 20 160 36 control low 32.1 
3007 T K-80 16 20 160 36 cycle high 48.2 
3008 T K-80 16 20 160 36 control high 48.2 
3009A T K-80 16 20 240 36 cycle low 48.2 
3010 T K-80 16 20 240 36 control low 48.2 
3011 T K-80 16 20 240 36 cycle high 72.3 
3012 T K-80 16 20 240 36 control high 72.3 
3013A T K-80 20 26 150 45 cycle low • 40.7 181 s/p 
3014 T K-80 20 26 150 45 control low .. 40.7 
3015A T K-80 20 26 150 45 cycle high • 61.1 
3016 T K-80 20 26 150 45 control high • 61.1 
3017A T K-80 20 26 200 45 cycle low 54.3 
3018 T K-80 20 26 200 45 control low 54.3 
3019A T K-80 20 26 200 45 cycle high 81.4 
3020 T K-80 20 26 200 45 control high 81.4 
3021A T K-80 20 26 300 45 cycle low 81.4 
3022 T K-80 20 26 300 45 control low 81.4 
3023A T K-80 20 26 300 45 cycle high • 122.1 
3024 T K-80 20 26 300 45 control high • 122.1 176 w/f 
3025 T ws 20 26 150 45 cycle low 40.7 
3026 T ws 20 26 150 45 control low 40.7 
3027A T ws 20 26 150 45 cycle high • 61.1 
3028 T WS· 20 26 150 45 control high • 61.1 
3029 T ws 20 26 200 45 cycle low 54.3 
3030 T ws 20 26 200 45 control low 54.3 
3031 T ws 20 26 200 45 cycle high 81.4 
3032 T ws 20 26 200 45 control high 81.4 
3033A T ws 20 26 300 45 cycle low 81.4 
3034 T ws 20 26 300 45 control low 81.4 
3035A T ws ·2o 26 300 45 cycle high 122.1 
3036 T ws 20 26 300 45 control high 122.1 
3037A D K-80 20 26 150 45 cycle low 32.2 
3038 D K-80 20 26 150 45 control low 32.2 
3039 D K-80 20 26 150 45 cycle high • 48.4 407 s/p 
3040 D K-80 20 26 150 45 control high • 48.4 
3041A D K-80 20 . 26 200 45 cycle low 43 
"3042 .o .K-80 _'20 . .26 200 45 control low 43 ... 
3043 JD K-80 20 26 200 45 cycle high 64.5 
3044 D K-80 20 26 200 45 control high 64.5 
3045A D K-80 20 26 300 45 cycle low 64.5 241 s/p 
3046 D K-80 20 26 300 45 control low 64.5 .. 
3047A D K-80 20 26 300 45 cycle high 96.7. 
3048 D K-80 20 26 300 45 control high 96.7 262 w/f 
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Note: T = threaded steel rod. 
D = deformed reinforcing bar. 
WS =West System epoxy. 
d = steel bar diameter. 
h =embedment hole diameter. 
I = embedment length. 
e = edge distance. 
MC = moisture condition. 
sip = the connection pullout with wood split - Type 2 failure mode. 
w/f = wood failure across the cross-section at the end of the connection - Type 3 
failure mode . 
• = the specimen with DEMEC measuring point. 
· 8.4.4 Typical Results Among Different Environmental Conditions 
Two pairs of specimens have been selected to demonstrate typical results from 
the experiment. Figure 8.10 (a) shows moisture content fluctuation with time. Both 
specimens (3003, 3004) have exactly the same geometry with 16 mm diameter threaded 
steel rod and 120 mm embedment length. The same load level was used for both 
specimens. Specimen 3003 was exposed in outdoor environment with wet-dry cycles. 
The moisture content of the specimen in the wet part of the cycle of Stage One was 
obviously higher than that in the other wet parts of the cycles in Stage Two. The 
ll!.oisture content remained about 10% with very small fluctuations in the corresponding 
indoor control specimen (3004). 
Figure 8.10 (b) shows the displacement of the connection in these two 
specimens. q::he increase of dis:placement in both specimeris at the beginning ·Of 'Stage 
Two (day-150) is due to the reloading of the specimens. Apart from this, no obvious 
further displacement was observed in the control specimen. At the second dry cycle of 
Stage Two, the displacement in specimen 3003 appeared to increase, showing the 
rheological behaviour of the connection. 
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Figure 8.10 (c) shows the load fluctuation against time. For specimen 3003, the 
major fluctuation of load occurred in Stage One. At the beginning of Stage One, the 
tensile load appeared to decrease significantly. In Stage Two, after reloading, the load 
level seems quite stable with minor fluctuations. For specimen 3004, no major decrease 
of tensile load occurred, although minor fluctuation existed. A similar result can be 
observed in the specimens with the deformed reinforcing bar connection as shown in 
Figures 8 .11. Two specimens are shown in the figures: one is an outdoor specimen 
(3039) subjected to the wet-dry cycle environment. The other is the corresponding 
control specimen in the indoor environment (3040). Both have exactly the same 
parameters in the connection. The figures are similar to Figure 8.1 0, except the wet 
specimen failed at 407 days. 
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8.4.5 Typical Results Under Two Different Load Levels 
Figures 8.12 show the displacement of the connections under two different load 
levels. In Figure 8.12 (a), specimens were subjected to outdoor environment with same 
geometry, but loaded in two different load levels. The specimens 3013 and 3013A were 
sustained lower tensile load while specimens 3015 and 3015A were subjected to higher 
tensile load during the experiment. Similarly, Figure 8.12 (b) compares the 
displacement in the corresponding control specimens under two load levels. 
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8.5 MEASUREMENT OF MOISTURE CONTENT AND SHRINKAGE IN 
SITU 
8.5.1 Test Programme 
A project was carried out to investigate the moisture content and shrinkage of 
glulam timber structures under high humidity service conditions. The transverse 
dimension change only caused by moisture content fluctuations were of interest. This 
is defined as: the transverse dimension change from initial measurement divided by 
initial dimension, expressed as a percentage; shrinkage occurs if the value is negative. 
Conversely, swelling occurs if the value is positive. The term "transverse dimension 
-Qhange'.' is used to i_nclude either shrinkage or s·welling perpendicular to· the wood grain 
. . ~ .-
- -along the width of the measured glulam timber column. 
Glulam timber structures at a swimming pool complex (Jellie Park Sports 
Centre, Christchurch, New Zealand) were selected for the project. Four columns in 
main entry hall with outdoor environment and four columns inside the swimming pool 
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main entry hall with outdoor environment and four columns inside the swimming pool 
building were selected to measure the moisture content and the shrinkage. The locations 
are shown in Figure 8.13 (a) and Figure 8.13 (b) respectively. The main entry hall of the 
swimming pool complex is shown in Figure 8.14. 
In the following text, a measuring point is defined as a group of DEMEC gauge 
targets with a pair of associated moisture probes. The readings from a measuring point 
would include a transverse dimension change and a moisture content value representing 
a specific part of the glulam timber structure. 
1 2 
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... 
Gym ~·: Swimming pool 
5~: ..... :·~·: 
. . ~
: ~ ...... ~ : 
l l 6 
. . 
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4 D 
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1 = glulam timber column I test point: OlAT and OIAB 
2 = glulam timber column I test point: OlBT and OlBB 
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--......._ . ·-
4 = gll!lam timber column I test point: 02BT and 02BB 
5 = main entry 
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7 =gym entry 
8 = indoor swimming pool entry 
Figure 8.13 (a) Sketch of location of outdoor columns 
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25000 ---------1 
560 x 115 glulam 
Side A SideB 
Small pool 
Swimming pool 
No3 glulam portal 
NoS glulam portal 
Pool entry 
Figure 8.13 (b) Sketch of the locations of the indoor columns measured 
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Figure 8.14 The main entry hall of the swimming pool complex 
Figures 8.15 show details of the measuring points for the indoor columns. The 
moisture content in the columns was measured by a electric resistance type moisture 
meter (Timbermaster Model D184T, Protimeter Ltd) via a pair of probes embedded in 
the column. The principle and method of moisture content measurement have been 
described in the previous section. The shrinkage was measured by a 203 mm (8") 
DEMEC gauge, the location of the DEMEC reading points is shown in Figure 8.15. 
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I = Concrele pedeSinl 2 = Glulam column 
3 = DEMEC largeiS 4 = MoiSiure probe. 
5 =Epoxied sleet con~eclions whh 400 mm embed men! 
Figure 8.15 (a) Measurement point details at the indoor portals- Side A (I3AT, I3AB, 
I5AT, I5AB, Not to scale) 
. ': -~ . •, .:· ... :. ~ ,; ·.I • • 
I ·= Concrete pedestal 
3 1:1 DEMEC tuget.s 
2 = Qlulam column 
4 "" Moisture probe 
South 
Figure 8.15 (b) Measurement point details at the indoor portals - side B (I3BT, ISBT, 
Not to scale) 
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The moisture content and the transverse dimension change in the outdoor 
columns were measured using the same method. The location of measurement points is 
shown in Figure 8.16. All of measurement points were coded and are described in Table 
8.7. 
~ 
4 
3 
1 = Concrete pedestal 
3 = DEMEC targets 
5 
850 
2 = Glulam column 
4 = Moisture probe 
5 = Epoxied steel connections with 400 mm embedment 
Figure 8.16 Location of moisture probes and DEMEC targets in a outdoor column (Not 
to scales) 
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Table 8.7 Locations of the measurement point · 
Code Location of Measurement Point Environment Condition 
I3AT indoor, No.3 portal, Side A, top point indoor, exposed to the sun, close to 
I3AB indoor, No.3 portal, Side A, bottom point outdoor condition during the summer1 
I3BT indoor, No.3 portal, B side, top point indoor, not exposed to the sun 
15AT indoor, No.5 portal, Side A, top point· indoor, exposed to the sun, close to 
15AB indoor, No.5 portal, Side A, bottom point outdoor condition during the summer 
15BT indoor, No.5 portal, B side, top point indoor, not exposed to the sun 
OlAT outdoor, sunny side arch, west side column, 
top point 
OlAB outdoor, sunny side arch, west side column, 
bottom point outdoor environment, humidity changes 
OlBT outdoor, sunny side arch, east side column, with different season and climate, 
top point exposed to the sun 
OlBB outdoor, sunny side arch, east. side column, 
bottom point 
02AT outdoor, shaded side arch, east side column, 
top point 
02AB outdoor, shaded side arch, east side column, 
bottom point outdoor environment, humidity changes 
02BT outdoor, shaded side arch, west side column, with different season and climate, not 
top point exposed to the sun 
02BB outdoor, shaded side arch, west side column, 
bottom point 
Note: 1. During the summer season the indoor environmental condition was close 
to the outdoor environmental condition because the doors are kept open 
in the day time. 
"2. Relative· humidity in the indoor swimming area ranged from 60% to 
75%. 
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8.5.2 Measurement Set-up and Procedure 
The DEMEC gauge targets were glued on the surface of the columns as shown 
in Figures 8.15 and Figure 8.16 to measure the transverse dimension change. Moisture 
probes were embedded into the columns 50 mm depth. The same probes were used as 
for Experiment Three. The configuration of measuring point for the indoor columns 
was different between side A and side B (Figure 8.13 (b) and Figures 8.15 (a) and (b)), 
but was exactly same in outdoor columns (Figure 8.13 (a) and Figure 8.16). 
The moisture content and transverse dimension change readings were recorded 
regularly at intervals of two weeks. The interval between readings was extended to one 
month one year after the project started. The measurements had been carried out for 
more than 640 days. 
8.6 RESULTS OF MOISTURE CONTENT AND SHRINKAGE 
MEASUREMENT 
Figure 8.17 (a) shows moisture content fluctuations measured from the No. 3 
glulam timber portal (13AT, 13AB and 13BT). The range of moisture change during the 
entire test period was less than 2.5% at all measuring points and the pattern of 
fluctuations at different points was similar. Figure 8.17 (b) shows the transverse 
dimension change at the corresponding measuring points. As previous defined, swelling 
occurs if the curves lie above zero. Shrinkage occurs if the curves are below zero. The 
values of shrinkage or swelling were very small. 
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Figures 8.18 (a) and (b) display the fluctuations in moisture content and the 
transverse dimension change in No.5 glulam timber portal (ISAT, ISAB and ISBT) 
respectively. Similar results were obtained as in Figure 8.17. 
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Figure 8.19 (a) shows the moisture content fluctuations in the outdoor columns 
(01AT, 01AB, 01BT, 01BB). Figure 8.19 (b) displays the transverse dimension 
change at the corresponding measuring points. 
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Figure 8.19 (b) Transverse dimension changes at the specific measuring points on the 
out~oorcolumns ( 01AT, 01AB, 01BT, 01BB) 
Figures 8.20 (a) and (b) show the fluctuations of moisture content and the 
transverse dimension change in outdoor column (02AT, 02AB, 02BT, 02BB) 
respectively. It can be seen that the shrinkage reading for the measuring point 02BT 
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was terminated after about 460 days due to the DEMEC gauge target failure. Figure 
8.19 and Figure 8.20 represent different environmental conditions although the data are 
all from outdoor columns. 
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Figure 8.20- (b) Transverse dimension changes at the specific measuring points in the 
outdoor columns ( 02AT, 02AB, 02BT, 02BB) 
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8.7 DISCUSSION 
8. 7.1 Discussion of Experiment Three 
Although this long duration experiment was carried out on a small scale and the 
time span of sustained tensile load was less than the life time of structures, some useful 
information has been obtained. 
1. Time-dependent behaviour 
Time-dependent behaviour can be observed in Experiment Three. The overall 
relaxation of the specimens can be identified by the change of tensile load level in 
Figure 8.9. The typical rheological behaviour of the connection can be studied by 
analysing the change of load level and the displacement of the connection in Figure 8.10 
and Figure 8.11. 
Figure 8.9 revealed there was some relaxation of the specimens and this caused 
the tensile load level to decrease. Most relaxation in the specim~ns occurred in the 
initial period ·of .loading both in Stage One and Stage Two, including both indoor and 
outdoor specimens. However, it should be emphasised that the relaxation can be 
identified by the change of load level, but the change of load level was a more 
complicated process and not only caused by the relaxation of the specimen. Other 
factors such as rheological behaviour of wood, swelling or shrinkage of wood caused by 
moisture movement and displacement of the connection could also cause some change 
of load level. 
The moistlJ~ content fluctuations make a large contribution to the time-
. dependent behaviour of the connection. The experimental results indicate that mild 
environmental conditions (Stage Two) reduce the rate and magnitude of the relaxatio~. 
compared to harsh environment conditions (Stage One). It was also established that the 
rate of the relaxation appeared higher in the wet part of the cycles than in the dry part of 
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the cycles, and this brought about change of load level, less relaxation occurred in the 
indoor specimens than in the outdoor specimens. 
Figure 8.10 (b) and Figure 8.11 (b) show typical displacements of the 
connections which may respond elastically or viscoelastically. Although the fluctuation 
of the load level tended to mask the displacement of the connection, it still can be 
observed. As can been from Figure 8.11 (b), at the initial period of the dry cycle of 
Stage One (day 90), the displacement of the connection changed significantly while the 
load level remained with marginal fluctuation. At the start of dry part of the third cycle 
(day 390), the displacement increased while the load level decreased. This indicated 
that the connection started to fail. 
The effect of different load levels to the displacement was investigated and 
presented in Figures 8.12. No obvious trend can be identified. The displacement of the 
connection measured is a complicated superposition of creep and swelling of wood on 
the specimen surface, the rheological behaviour and failure of the connection. For each 
specimen, the displacement of the connection behaved differently. However, based on 
the observation of this experiment, a general statement can be made as follows: 
The displacement of the connection was caused by many contributing factors 
acting in different rates and in different magnitude at the same time. No obvious 
rheological behaviour can be observed in the connections. There seems to be no simple 
correlation can be made between the displacement and load level. However, if the 
displacement tended to decrease marginally while the load level decreased, it seems 
likely that the axial tensile load will be sustained and the connection remains intact; if 
displacement increased while the load level decreased, the connection was starting to 
fail. Some creep or fracture in microscopic scale occurred in the coimection if the 
• • : ' ~ f 
displacementtende_? to increase:.lnarginally while the load level remained roughly same 
or fluctuated with small magnitude. In this case, it seems likely that the connection will 
remain intact. 
This study did not contemplate making a detailed quantitative description of the 
time-dependent behaviour. The rheological behaviour of the connection is complicated 
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and it is probably the combined function of time, moisture content, the magnitude of 
load and any other relevant factors. 
2. Effect of environmental conditions 
Environmental conditions appear to have a major effect on the decrease in 
strength of the connection as shown in Table 8.8. Comparing the indoor control 
specimens with the outdoor specimens, there were no connection failures in the indoor 
specimens while 18 outdoor specimens failed within the 600 day testing period. As can 
be seen from Figure 8.8, the average moisture content of the indoor specimens was 
about 10% while the average moisture content in the outdoor specimens ranged from 
14% to 28%. 
Within the outdoor specimens, the strength of the conn~ction decreased 
significantly when the moisture content of the specimen was close to 28%. Only a 
minor reduction in strength occurred when the average moisture content fluctuated in 
the range from 14% to 22%. This can be deduced from the experiment since more than 
one half of the outdoor specimens failed in Stage One while only 3 specimens failed in 
Stage Two. 
Table 8.8 Number of failed specimens in the different environment conditions 
Moisture Number of Failed Specimens 
Condition Stage One Stage Two 
original replaced 
Wet-dry cycle 15 1 2 
Dry 0 0 -
Total 15 r· '2 
-, 
·' ; 
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3. Effect of different epoxy 
Table 8.9 compares the number of failures for the outdoor specimens with 
different epoxies. The comparison is made only in the outdoor specimens because there 
were no connection failures in the dry specimens. Two corresponding groups of the 
specimens are shown in the table (specimen code 3013 to 3035). The West System 
epoxy appears to have better water resistant properties than K-80 epoxy. This trend is 
very similar to the Experiment One result. 
Table 8.9 Number of failed outdoor specimens with the different epoxies 
Number of Failures in the Connections 
Epoxy Type Stage One Stage Two 
original replaced 
K-80 6 0 1 
West System 3 0 0 
4. Effect of load level 
Table 8.10 shows the. number of failed specimens at two different load levels for 
the outdoor specimens. It is not clear why there were more failures in low load level 
than in high load level, but the results suggest that the strength of wood is very low once 
the moisture content of wood is close to 28% and that a threshold of load level exists 
(J?arrett and Foschi, 1978a, 1978b). The threshold is minimum tensile load required to 
produce the failure; the load levels defined in the experiment would be less sensitive if 
the threshold is lower than both load levels. 
Table 8.10 Number of failed outdoor. specimens in different loading level 
:· 
-
Load Level Number of Failures in Connections of the Specimens 
Stage One Stage Two Total 
Low 9 2 11 
High 6 1 7 
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5. Effect of geometry of the connection 
Table 8.11 shows the number of failures for the two different bars. Table 8.12 
lists the number of failures for the different embedment lengths. Table 8.13 shows the 
number of failures for the two different bar diameters. The comparisons in Table 8.11 
to Table 8.13 were made using two corresponding groups of specimens, viz. to compare 
the two different bar diameters, two relevant groups of specimens with two different bar 
diameters are used; the other parameters are exactly same between the two groups. Only 
the wet specimens are discussed; no significant differences exist for the different bars 
and the different embedment lengths. For the different bar diameters more failures 
occurred with the 20 mm diameter bar than the 16 mm. This suggests that target loads 
for the experiment calculated using Equation 2.6 might be too sensitive when 
considering the diameter of the ·steel bars. The results suggest that the effect of 
geometry has less influence in the· connection und~r long duration loc:td with the wet-dry 
cycle environment than in the connection subjected short duration load. 
Table 8.11 Number of the failed outdoor specimens with different steel bars 
Number of Failed Outdoor Specimens 
Bar Type Stage One Stage Two 
original replaced 
Threaded rod 6 0 1 
Deformed bar 4 1 1 
Table 8.12 Number of failed outdoor specimens for different embedment lengths 
Embedment Length Number of Failed Outdoor Specimens 
(mm) Stage One Stage Two 
.. 
' 
original replaced ! : : 
-
-
7.5d 4 1 1 
10d 4 0 0 
15d 7 0 1 
Note: d = steel rod diameter (mm). 
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Table 8.13 Number of failed outdoor specimens for different bar diameters 
Steel Rod Diameter Number of Failed Outdoor Specimens 
(mm) Stage One Stage Two 
original replaced 
16 2 0 1 
20 6 0 0 
8. 7.2 Discussion of Moisture and Shrinkage of Glulam Timber under Various 
Environments 
1. Indoor measurement points 
As can be seen from Figure 8.17 (a) and Figure 8.18 (a), the fluctuations in 
moisture content in the indoor glulam timber structures (No.3 and No.5 glulam portal) 
under a relative high humidity environment is less than 2.5%. The changes in moisture 
content at the different locations for the same structure appear quite similar, the curves 
in the figures following similar patterns. The moisture content fluctuation is quite 
uniform within the structure. 
With very small fluctuations of moisture content in the indoor glulam timber 
structures, it can be expected that the transverse dimension change in the indoor 
columns would be negligible. This is confirmed by the results displayed in Figure 8.17 
(b) and Figure 8.18(b). The transverse dimension changes for all indoor measuring 
points are less than 0.15%, including both shrinkage and swelling values. Figure 8.17 
and Figure 8.18 confirm that the moisture content fluctuations are the major factor 
contributing to the shrinkage or swelling in the glulam timber: 
~ . ·-. -
2. Outdoor measurement points 
The maximum moisture content fluctuation is about 8% in Figure 8.19 (a) and is 
5.5% in Figure 8.20 (a). The moisture content fluctuations are similar among different 
locations in the same structure and as with the indoor columns, this indicates that the 
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moisture content fluctuations are quite uniform within the same outdoor glulam timber 
structure under similar environment conditions. The values are slightly different 
between Figure 8.19 (a) and Figure 8.20 (a) and is due to different environment 
conditions. The values in Figure 8.19 (a) were taken from those columns exposed to the 
sun, while the values in Figure 8.20 (a) were moisture contents for these columns not 
exposed to the sun. 
Figure 8.19 (b) and Figure 8.20 (b) show that the maximum range of the 
transverse dimension change is about 0.25%. This is negligible. 
3. Comparisons of different environmental conditions 
Comparing the results of outdoor and indoor measurements, the fluctuation of 
moisture content is higher in outdoor glulam timber than in indoor. Consequently, the 
transverse dimension changes are likely to be higher in outdoor glulam timber columns 
than in indoor columns. However, the magnitude of the transverse shrinkage or 
swelling in the columns in both indoor and outdoor environments is negligible. 
4. Comparisons of different locations in the same column 
There are two measuring points in most investigated columns. One is within the 
epoxy bonded steel connection region and the other is located away from the connection 
as shown in Figure 8.15 (a) and Figure 8.16. This is to compare the difference in 
moisture content and change of transverse dimension between two different locations 
within a column. From Figure 8.17 to Figure 8.20, no obvious differences can be 
identified from the experiment. This suggests that the connection has no significant 
effect to change the transverse dimension and moisture content in glulam timber. 
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8.8 CONCLUSIONS 
All failure specimens under the outdoor wet-dry cycle environment failed with 
Type 2 failure mode. Two specimens only under the indoor condition failed, both with 
Type 3 failure mode. 
The moisture content of wood plays an important role in the strength of the 
connection. The connection performs well under normal indoor environmental 
conditions. However, the connection cannot be recommended for any situation when 
the moisture content could exceed 22%. The strength of the connection decreases 
significantly when the moisture content becomes close to 28%. A low threshold of the 
tensile strength exists at this moisture content level; it is below the two load levels used 
in the experiment. 
Different types of epoxies also appear to affect the strength of the connection in 
terms of different water-resistant properties. The performance of West System epoxy 
was superior to K-80 in a wet environment. Major relaxation and creep occurred during 
the initial period of loading. 
In general, the empirical equation developed from the short duration experiments 
can also be used in the long duration load situation with deduction considering of 
environmental conditions and duration of load. 
The measurement of moisture content and transverse dimension change of the 
glulam timber columns in situ suggests that the glulam timber structures can be used 
safely in an indoor environment with a relatively high humidity, and in a normal outdoor 
environment. The structures show that moisture content . fluCtuation and transverse 
•. . .. ·' I 
. --......_ . ~~ ... ' t 
dimension change ~due lo the moisture movement are negligible in such conditions 
provided the surface is well protected with proper water resistant coatings. 
Furthermore, the epoxy bonded steel connection can be used safely in glulam timber 
structures in similar environmental conditions. There is no obvious correction between 
the load level and the magnitude of displacement. 
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9.1 SUMMARY OF THE RESEARCH 
Research was undertaken both experimentally and theoretically to study the 
epoxy bonded single steel rod connection in glue laminated timber. 
The experimental programme consisted of two groups: short duration and long 
duration experiments. Short duration experiments comprised three different tests 
designated as Experiment One, Experiment Two and Experiment Four. Long duration 
experiments included Experiment Three and in situ measurement of moisture content 
and shrinkage. The experiments carried out in this study are summarised in Table 9 .1. 
Table 9.1 The summary of the experiments carried out in this study 
Experiment Load Duration Brief Description - Number of 
Specimens 
Experiment short single replication of 21 factorial 128 
One experiment 
Experiment short single replication of 34 factorial 81 
Two experiment 
Experiment long sustained tensile loading, wet and dry 48 
Three environmental condition 
-.Experiment short four replicatio-n, with or without 
.. 8 
-
Four transverse reinforcement 
in situ long measurement of moisture content 14 
Measurement and shrinkage in glulam columns 
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From Experiments One and Two, five failure ·modes were observed and 
analysed. The tensile strength of the connection was also analysed in detail in terms of 
different geometry, bar type, epoxy type and moisture content and an empirical formula 
was developed to predict the capacity of the connection. The effect of reinforcement of 
the connection was investigated in Experiment Four. Long duration experiments gave 
useful information on the load duration effect and the effect of environmental 
conditions. 
A theoretical model was established using the finite element method and the 
characteristics of the connection were investigated using this model. The stress 
distributions in the connection were analysed; parametric studies were carried out using 
this model to investigate the effects of each individual parameters in the connection 
including the edge distance, the embedment length, the epoxy thickness, the steel bar 
end geometry and MOE of the epoxy. 
This research resulted in a better understanding about the mechanical and 
physical properties of the connection and the effects of individual factor in the 
connection including different geometry, bar type, epoxy type and influence from 
different environmental conditions. Arising out of this research, a generaL design 
guideline has been proposed· for the epoxied steel connection. 
9.2 CONCLUSIONS 
9.2.1 Strength and Failure Characteristics of the Connection Subjected to Short 
Duration Tensile Load 
1. Five different failure modes were identified in the short duration experiments; 
different failure modes were caused by different stress concentrations and various 
defects in the connection. The failure occurs at the point where either stress 
concentrations are highest or where defects exist, or a combination of both. 
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2. · The tensile strength is correlated to all· seven factors investigated in the short 
duration experiments. The moisture content in glulam timber, the embedment 
length and the bar diameter are closely related to the strength and appear to 
influence the strength more than the other factors. 
3. A statistically-based empirical equation has been developed to predict the axial 
capacity of the connection in tension or compression; it gives a good agreement 
with the experimental results. This equation could be used to predict the strength 
of the connection with other combination of materials, provided that calibration , 
tests are carried out. 
4. The moisture content in the ·connection plays an important role in affecting the 
strength. Tensile strength decreases significantly when the moisture content 
reaches 28%. 
5. Tensile strength is higher in the connection using a threaded bar than when using a 
deformed reinforcing bar. 
6. Of the three epoxies used in this study, Araldite 2005 achieved the highest tensile 
strength in· the connection, next was K-80 and then the West System epoxy. 
7. Transverse steel reinforcement can effectively improve the performance and 
tensile strength by preventing wood splitting around the connection. 
9.2.2 Strength and Failure Characteristics of the Connection Subjected to Long 
Duration Tensile Load 
· ·1. Specimens under the outdoor wet-dry cycle environment failed with Type 2 failure 
mode - the wood splits and the connection pulls out. Two specimens only under 
the indoor conditions failed, both with Type 3 failure mode - tensile wood failure 
at the end of the connection. 
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2. The moisture content of wood plays an important ·role in the strength of the 
connection, although it performs well under normal indoor environmental 
conditions. The connection cannot be recommended for any situation when the 
moisture content could exceed 22%. 
3. Major relaxation and creep occurred during the initial period of loading. 
4. Different types of epoxies affect the strength of the connection; that is related 
different water-resistant properties observed in the epoxies used. 
5. In general, the empirical equation developed from the short duration experiments 
can be used in the long duration load situation provided due consideration is given 
to environmental conditions and to the duration of load. 
6. The measurement of moisture content and shrinkage in situ suggests that glulam 
timber structures and the epoxied steel connection can be used in an indoor 
environment where the relative humidity may be relatively high; also, in an 
outdoor environment provided the surface is protected with water resistant 
coatings. 
9.2.3 The Theoretical Model 
1. The output from the finite element model accords with the results from the 
experimental stress distribution tests. The model programmed using a smooth 
surface steel rod is sufficiently accurate to analyse the connection with a threaded 
rod. 
2. The highest shear stress concentrations in the epoxy occur at the both ends of the 
embedment, the stress concentration at the inner end being higher than that at the 
outer end. The shear stress gradient is very high within the epoxy over the cross-
section at the inner end of the embedment. 
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3. The highest tensile stress concentration occurs at the inner end of the embedment. 
4. Both the tangential and the radial stresses have their highest values at the .outer 
end of the embedment, and the values at the steel-epoxy interface are higher than 
at the epoxy-wood interface. 
5. There is a strong correlation between the failure modes and the stress 
concentrations. The connections which failed with Type 1 failure mode (shear 
failure) are most likely due to the high magnitude of the shear stress along the 
embedment and highest shear stress concentration in the epoxy-wood interface at 
the both ends of the embedment. Type 2 failure mode (split and pullout failure) 
occurred at the highest tangential stress region accompanied by higher shear stress 
in the same area. The highest tensile stress concentration at the inner end of the 
embedment is a. major cause of the connection failure with Type 3 failure mode 
(tensile failure of the wood at the steel bar end). 
9.2.4 The Parametric Studies 
Parametric studies using the finite element model show that the design of the 
connection can be optimised by developing a better geometry for the connection. The 
results of the comprehensive parametric study suggest the following conclusions: 
1. A threshold of edge distance exists. Increasing edge distance above this does not 
yield any significant improvement in the stress distributions. The threshold to the 
edge distance is about three bar diameters. 
2;-. A-thick epoxy·.layer in the connection would result in a better stress distribution 
~ ' 
than a thin layer. The thickness of the epoxy used in the parametric study is up to 
6 mm and it is likely to continue reducing the stress concentration by further 
increasing thickness of the epoxy. However, practically, the· thickness of epoxy 
should not exceed 6 mm. 
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3. Shear stress concentrations around the connection can be reduced by using an 
epoxy with a lower modulus of elasticity. 
4. A better shear stress distribution at the inner end of the connection can be 
achieved by drilling a hole at the end of the steel rod. 
5. To some extent, the performance and capacity of the connection can be improved 
by increasing the embedment length as the average shear stress and transverse 
stress concentration are reduced. 
9.3 RECOMMENDATIONS FOR FURTHER STUDY 
9.3.1 Further Experimental Studies 
1. Further experimental work could be conducted to expand the principle and 
analytical method for multiple steel rods connections .. Connections need to be 
tested under different loading configurations, such as tension, compression and 
bending. 
2. Methods to prevent wood splitting could be further studied, including the steel rod 
transverse reinforcement and placing the connection at an angle to the laminates in 
the longitudinal direction. 
3. The strength and characteristics of the connection using other epoxy formulations 
and cement grout could be investigated to establish a r'ange ofbonding ag!!nts with 
--..._ . ·. :·-, :· . .. I 
acceptable performance in water resistance and fire resistance. 
4. A study should be carried out to explore chemical pre-treatment of bonding 
surfaces both in wood and steel as a means of improving the durability, water 
resistance and fire resistance of the epoxy bonded connection. 
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9.3.2 Further Theoretical Studies 
1. The finite element model developed in this research is based on the assumption 
that all of materials involved in the connection are linear elastic materials and the 
connection behaves elastically. A finite element model with non-linear visco-
elastic properties for the materials in the connection needs to be developed and 
integrated with fracture mechanics theory to analyse the fracture propagation in 
the wood and the epoxy of the connection. Comprehensive failure criteria, 
considering the multi-axial stress states, the crack propagation and expected 
failure modes in wood and epoxy could be developed based on this finite element 
model to predict the failure. 
2. More comprehensive parametric studies can be conducted using the finite element 
model to further investigate stress distribution, so that a better understanding can 
be obtained for different geometry of the connection. The surface effect of the 
steel bar (rib in the deformed reinforcing bar), a modification of the embedment 
hole in wood and the interactions among different parameters could be considered 
in the further parametric studies. 
3. Time dependent behaviour of the connection can be further studied using damage 
accumulation theory. However, sufficient information on the time dependent 
behaviour of the connection is required before developing the theory. 
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APPENDIX A THE MOISTURE CONTENT AND DENSITY OF THE 
SPECIMENS IN EXPERIMENT ONE 
239 
CODE MOISTURE(%) DENSITY CODE MOISTURE(%) DENSITY (kg/m,) 
(kg/m3) 
1001 15.8 572 1033 10.1 482 
1002 13.2 461 1034 15.7 500 
1003 10.8 473 1035 12.1 461 
1004 14.3 537 1036 10.7 534 
1005 16.0 499 1037 11.2 513 
1006 12.5 527 1038 13.2 556 
1007 15.4 551 1039 12.8 529 
1008 12.3 471 1040 14.6 515 
1009 11.4 516 1041 10.3 498 
1010 14.8 506 1042 12.7 465 
1011 13.4 438 1043 13.8 509 
1012 10.4 523 1044 . 11.3 455 
1013 13.6 495 1045 14.9 455 
1014 15.9 505 1046 14.1 455 
1015 15.1 516 1047 12.7 514 
1016 16.0 521 1048 10.5 479 
1017 12.1 471 1049 13.7 493 
1018 14.6 513 1050 11.8 518 
1019 14.2 602 1051 14.9 470 
1020 15.8 443 1052 12.8 498 
1021 15.9 490 1053 11.4 551 
1022 10.3 573 1054 14.2 492 
1023 13.7 545 1055 12.7 497 
1024 13.2 549 1056 13.8 520 
1025 15.8 521 1057 12.1 583 
1026 11.2 505 1058 14.2 461 
1027 10.2 490 1059 12.7 526 
1028 11.3 559 1060 9.9 484 
1029 .)0.2 521 1061 15.9 ' 493 
·' 
-
- 1030 14.5 528 1062 10.8 495 
1031 11.2 477 1063 13.9 532 
1032 11.8 508 1064 10.2 455 
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Appendix A (continued) 
CODE MOISTURE(%) DENSITY (kg/m3) CODE MOISTURE(%) DENSITY (kg/m~) 
1065 11.2 502 1097 10.5 436 
1066 14.3 507 1098 15.4 517 
1067 12.8 496 1099 12.8 627 
1068 10.5 507 1100 10.3 521 
1069 15.8 524 1101 12.4. 479. 
1070 12.7 504 1102 10.9 524 
1071 12.7 510 1103 10.2 609 
1072 14.6 576 1104 14.6 542 
1073 11.2 558 1105 15.2 518 
1074 12.8 472 1106 10.5 492 
1075 13.7 537 1107 15.4 509 
1076 13.1 494 1108 10.2 516 
1077 15.8 520 1109 15.8 536 
1078 13.4 447 1110 10.9 510 
1079 10.8 510 1111 10.5 504 
1080 15.7 536 1112 11.7 524 
1081 10.5 548 1113 15.4 441 
1082 12.3 499 1114 12.8 474 
1083 10.1 463 1115 10.5 591 
1084 14.6 519 1116 12.8 429 
1085 13.8 518 1117 15.4 490 
1086 10.2 511 1118 12.9 419 
1087 15.6 471 1119 11.2 492 
1088 14.5 511 1120 12.8 503 
1089 10.2 575 1121 11.5 519 
1090 14.3 487 1122 14.2 519 
1091 11.5 510 1123 15.6 526 
1092 10.8 508 1124 10.5 490 
1093 13.6 545 1125 13.5 519 
1094 15.4 460 1126 12.1 487 
1095---- 13.2 521 1127 ·15.2 432 .. ' 
{ 
1096 
- 11.7- 542 1128 11.3 495 
-
-
The moisture content readings were recorded by the electric resistance type 
moisture meter (Timber Master Model D184T, Protimeter Ltd.) with the Hammer 
Electrode before the specimens were assembled with the steel bars. The density was 
calculated from the oven-dry weight and the air-dry volume of each specimen. The 
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mean value of moisture content of the specimens in Experiment One is 12.8% with 
standard deviation of 1.86%. The average density of the specimens is 508 kg/m3 with 
standard deviation of 37.31 kg/m3• 
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APPENDIX B MOISTURE CONTENT MEASUREMENT FOR THE WET 
SPECIMENS IN EXPERIMENT ONE 
Code MC1 MC2 MC3 MC4 MC5 MC6 
Dimensions 600x48x48 600x48x48 600x72x72 600x72x72 6ooxl08x108 600x108x108 
Cycle Moisture content(%) 
1 Dry 14.3 13.8 16.5 17.2 15.3 12.9 
Wet 19.2 20.4 21.5 21.0 20.5 20.4 
2 Dry 17.5 17.8 18.5 19.0 16.4 12.8 
Wet 28.0 26.8 27.8 28.5 28.5 28.4 
3 Dry 17.7 17.4 16.5 18.4 16.8 17.0 
Wet 28.5 28.0 28.0 27.4 27.6 28.5 
4 Dry 16.0 16.8 15.6 15.8 17.8 17.0 
Wet 27.6 28.3 28.0 27.5 28.0 28.5 
5 Dry 16.5 17.0 17.8 16.5 17.0 17.2 
Wet 28.0 28.2 28.5 27.4 28.0 28.0 
6 Dry 17.5 17.5 17.0 16.5 19.0 18.0 
Wet 28.0 28.0 27.5 28.5 28.0 28.0 
The moisture content was measured using the electric resistance type moisture 
meter (Timber Master Model Dl84T, Protimeter Ltd.) with the Hammer Electrode. The 
readings were taken at the location of 1/3 length of the samples along the centre line at 
the both ends with 30 mm depth of penetration. The readings shown in the table are the 
average values for each samples. The readings were calibrated by the oven dry 
specimens. The dimension of the samples for moisture content measurement 
corresponded to the dimension of the specimens in Experiment One. 
APPENDIX C THE MOISTURE CONTENT AND DENSITY OF THE 
SPECIMENS IN EXPERIMENT TWO 
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CODE MOISTURE(%) DENSITY (kg/m3) CODE MOISTURE(%) DENSITY (kg/mJ) 
2001 10.1 493 2042 15.8 523 
2002 15.7 495 2043 13.2 461 
2003 12.1 532 2044 10.8 473 
2004 10.7 455 2045 14.3 537 
2005 16.0 513 2046 11.2 499 
2006 12.5 556 2047 13.2 527 
2007 15.4 529 2048 12.8 551 
2008 15.8 515 2049 14.6 471 
2009 13.2 498 2050 10.3 516 
2010 10.8 498 2051 12.7 506 
2011 14.3 551 2052 13.8 438 
2012 10.4 492 2053 11.3 523 
2013 13.6 497 2054 14.9 495 
2014 15.9 455 2055 14.1 505 
2015 15.1 514 2056 12.7 516 
2016 14.2 479 2057 10.5 521 
2017 12.1 493 2058 13.7 471 
2018 14.6 518 2059 11.8 513 
2019 14.2 506 2060 14.9 502 
2020 14.8 438 2061 12.8 443 
2021 15.9 523 2062 11.4 490 
2022 10.3 495 2063 14.2 573 
2023 13.7 497 2064 12.7 545 
2024 13.2 487 2065 10.2 549 
2025 15.8 504 2066 14.5 529 
2026 11.2 461 2067 11.2 515 
2027 10.2 498 2068 11.8 498 
2028 11.2 461 2069 13.2 520 
2029 10.2 526 2070 15.8 583 
2030 14.9 508 2071 15.9 523 
2031 12.8 443 2072 10.3 495 
2032 11.4 490 2073 . 10.8 473 
2033 11.2 499 . 2074 14.3 ' 537 
.. 
~ 2034 12.4 487 2075 11.2 499 
2035 13.4 498 2076 12.4 485 
2036 14.2 502 2077 11.3 556 
2037 12.5 484 2078 9.9 465 
2038 13.6 493 2079 10.3 461 
2039 12.1 495 2080 12.7 534 
2040 11.8 532 2081 13.8 513 
2041 10.2 455 
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The measurement of the moisture content and density of the specimens in Experiment 
Two were carried out with the same method as Experiment One. The maximum of 
moisture content was 16.0% while the minimum value was 9.9%. The average moisture 
content is 12.9% with standard deviation of 1.83%. The average density of the 
specimens for Experiment Two is 502.5 kg/m3 with standard deviation of 30.5 5 kg/m3. 
245 
APPENDIX D LOAD AND DISPLACEMENT OF THE SPECIMENS IN THE 
SHORT DURATION EXPERIMENT 
This appendix presents the load and displacement information for the epoxy 
bonded steel connection subjected short term tensile loading. It covers most influence 
factors considered in the short duration experiments although only partial load-
displacement data from Experiment One are included to avoid tedious presentation 
(refer Table 3.9). The load was measured by the 250 kN load cell and recorded by the 
computer. The displacement was the average reading of two high resolution 
potentiometers taken directly from the electric circuit (Burr-Brown amplifier). The 
load-displacement graphs can be classified as eight subgroups and shown-in Table D-1. 
TableD-1 
Subgroups Specimen Parameters No. of Specimens 
l threaded/dry/WS/d=l6 8 
2 threaded/dry/WS/d=24 8 
3 threaded /dry/K-80/d=l6 8 
4 threaded/dry/K-80/d=24 8 
5 threaded/wet/K -80/d= 16 8 
6 threaded/wet/K -80/d=24 8 
7 deformed/dry/K-80/d=16 8 
8 deformed/dry/K-80/d=24 8 
Note: threaded= the threaded steel rod connection. 
deformed = deformed reinforcing bar connection. 
dry= the dry specimens. 
wet = the wet specimens. 
WS = West System epoxy. 
K-80 = Araldite K-80 epoxy. 
d =the diameter of the steel bar (mm) 
Specimen Code 
1001- 1008 
1009-1016 
1017- 1024 
1025-1032 
1049-1056 
1057- 1064 
1081- 1088 
1089- 1096 
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Appendix D (continued) 
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Appendix D (continued) 
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APPENDIXE 
1 Objectives 
STATISTICAL ANALYSIS OF THE SHORT DURATION 
EXPERIMENTS 
The statistical analysis was carried out by using a computer statistics software -
Minitab (Minitab Inc., 1989). The purpose of the statistical analysis is: 
(1) to test if specimens have different means in terms of ultimate tensile load among the 
different groups. 
(2) to observe if the variation among the groups IS significantly greater than the 
variation within groups. 
(3) to see if there are any obvious interactions· between two factors. 1 
2 Analysis of Experiment One 
As we can see from Table E-1, the 95% confidence intervals and P-values are 
given to each factor. Each factor has two rows of data, which are obtained by different 
methods. The top row is produced supposing the experimental data are independent 
samples. The bottom row is calculated assuming that the data sets are paired data. 
In both cases, the analysis was based on the assumption of random samples having 
normal distribution. In practice, the normality assumption is not particularly important 
and if a confidence interval is not based on a random sample, the real uncertainty is 
usually somewhat larger than that the values indicated by the confidence interval. 
1 When the effect of one factor depends on the level of another, the two factors interact. 
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Table E-1 The confidence interval of seven factors in Experiment One 
Factors 95% Confidence P-values 
Interval 
bar diameter (d): <j>24- <j>16 41.3, 62.6 0.0000 
(46.0, 57.9) (0.0000) 
embedment length (1): 10d -5d 28.7, 52.8 0.0000 
(34.4, 47.1) (0.0000) 
environment: dry - wet 5.6, 32.7 0.0061 
(14.5, 23.8) (0.0000) 
bar type: threaded - deformed 1.6, 29.0 0.029 
(10.0, 20.6) (0.0000) 
edge distance (e): 2.25d -1.5d -0.3, 27.3 0.055 
(8.0, 19.0) (0.0000) 
epoxy: K -80 - West System -5.4, 22.4 0.23 
(3.8, 13.1) (0.0005) 
hole diameter (h): 1.4d- 1.15d -5.8, 22.0 0.25 
(3.6, 12.6) (0.0006) 
Note: 
1. The data from the top row of each factor is produced assuming the experiment data 
sets are independent samples. 
2. The data from bottom row in bracket is calculated supposing the data sets are paired 
data. 
2.1 Comparing Difference between Two Means of UTL: Independent Sampling 
The top row data of each factor in Table E-1 was obtained in the following 
manner: 
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The ultimate tensile load of the specimens was classified into one of two groups 
according to the two levels of each factor separately, for example, for the factor of 
moisture condition in the specimens, the UTL values would be classified into two groups 
corresponding to either dry or wet specimens separately, regardless other factors. In this 
way, seven data sets were obtained and the confidence intervals calculated using the 
following formula: 
(E-1) 
where, 
Xt, St, n1 represent mean, standard deviation and number of observations in the first 
sample (the dry specimens) respectively. 
X:2, s2, n2 represent fl?.ean, standard deviation· and number of observations in the second 
sample (the wet specimens) respectively. 
t value from t-table corresponding to 95% confidence and number of degree of 
freedom. 
With 95% significance level, the ultimate tensile load in dry specimens is higher 
than that in wet specimens. Since the values vary from 5.6 kN to 32.7 kN, it is implicit 
that the ultimate tensile load in dry specimens is at least 5.6 kN higher than that in wet 
specimens with 95% probability. 
It is believed that 95% confidence interval is commonly used and is suitable for 
this study. In fact, four of seven factors have 95% confidence or more. 
The P-value is a probability number that measures th~ extent to which the sa~ple 
data are consistent with conclusibn H(i (null hypothesis of the, test). In this case, 
Ho: X1-X2=0 
· Ht: Xt - X2 :\ o 
if P-value > a conclude H0 
if P-value <a conclude H1 
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a is the probability of making a Type I error. A Type I error is the error which the 
hypothesis H0 is true and it is rejected by the sample. For example, the p-value is 0.0061 
for the difference between two means of UTL in term of dry or wet specimens. With such 
a small p-value, there is strong evidence that the mean value of ultimate tensile strength in 
dry test specimens is higher than that in wet test specimens; the null hypothesis Ho would 
be rejected if a= 0.05 or a =0.01 or any value of a down to 0.0061. In the same way, 
from the P-value in Table E-1, we can draw the conclusion with at least 99% significance 
level that: two means of UTL differ in terms of two embedment lengths, two bar diameters 
and two kinds of the environment condition for the specimens. the same conclusion could 
be drawn with 95% significance level for two different type of bars and with 90% 
significance level for edge distance. For epoxy type and hole diameter, their differences of 
two means are less significant. 
2.2 Comparing th~ Difference between Two Means: Data as Paired Data 
The bottom row data in bracket of each factor in Table E-1 was obtained as 
follows: 
The UTL values are clas~ified as above. It should be noticed -that the two groups 
of data in each data set can be treated as paired data because Experiment One is a 2 7 
factorial design, in which any specimen can be matched with the others with six exactly 
same factors and levels except one level difference from the "seventh" factor, e.g., to 
compare two different epoxies, a specimen with K-80 epoxy can be matched with a 
specimen using exactly same level of the factors except for being a West System epoxy. 
Suppose, a specimen with K-80 epoxy defined as Ki, the matched specimen as Wi, the 
difference is: 
Di =Ki-Wi (i = 1,2, .... , 64) ~E~2) 
This is ~the c;Jata set used for testing the difference between two epoxies.· Using the same 
method, the other six sets of data can be obtained. Now the analysis can be carried out and 
based on the difference of the paired data in term of two levels of each factor. The 95%. 
confidence interval comes from: 
D±ts (E-3) 
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where, - :ED· D=--' 
64 
(E-4) 
t = value from t-table, corresponding to 95% confidence and number of degrees of 
freedom 
n = sample size 
2 
2 SD 
s =-
64 
-2 
2 _ :E( D;- D) 
SD -
n-1 
Di = the ith observation from the sample 
5 = mean of sample 
(E-5) 
(E-6) 
The P- value has the same definition as in the previous section. As we can see 
from Table E-1 the 95% confidence interval from paired data sets are smaller than that 
from independent data sets and the difference between two levels in seven factors are all 
significant because P-values are all small. It seems likely that the inference about 
difference using matched samples would lead to a more precise estimate than by using 
independent samples. On the other hand, it tends to be conservative if independent 
samples are used. Considering the physical properties of wood and the connection, the 
p~ired samples could not be matched exactly, so that the data is still considered as 
independent in the further study and analysis. 
3 Analysis of Experiment Two 
3.1 One-way Analysis of Variance 
The method used in Experiment One was not appropriate for Experiment Two 
because the experiment is 34 factorial design with more than two levels in each factor; the 
method of analysis of variance (ANOV A) was employed in Experiment Two. Results 
from the ANOV A analysis on the ultimate tensile load (UTL) are listed in Tables E-2. 
259 
Table E-2 (a) consists of two parts; the first is an ANOVA table and the second is a 
summary of the results for each level of the factor interested. The sample size, sample 
mean and standard deviation are given. The ANOV A notation and analytical approach are 
shown in Table E-3. 
Table E-2 Analysis of variance on ultimate tensile load for each single factor 
(a) Factor: embedment length 
ANALYSIS OF VARIANCE ON UTL 
SOURCE DF SS MS F p 
EMBED 2 101634 50817 89.70 0.000 
ERROR 78 44189 567 
TOTAL 
LEVEL 
80 
160 
240 
80 145824 
N MEAN STDEV 
27 53.17 10.13 
27 105.96 28.99 
27 139.20 27.51 
POOLED STDEV = 23.80 
(b) Factor: epoxy 
ANALYSIS OF VARIANCE ON UTL 
SOURCE DF SS MS 
EPOXY 2 11892 5946 
ERROR 78 1J3932 1717 
TOTAL 80 145824 
LEVEL N MEAN STDEV 
1 27 98.13 39.90 
2 27 85.31 37.44 
3 27 114.90 46.45 
F p 
3.46 0.036 
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POOLED STDEV = 41.44 
(c) Factor: edge distance 
ANALYSIS OF VARIANCE ON UTL 
SOURCE DF SS MS F p 
EDGE 2 9965 4982 2.86 0.063 
ERROR 78 135859 1742 
TOTAL 80 145824 
LEVEL N MEAN STDEV 
1 27 87.40 37.08 
2 27 96.77 38.13 
3 27 114.17 48.96 
POOLED STDEV = 41.73 
(d) Factor: bar diameter 
ANALYSIS OF VARIANCE ON UTL 
SOURCE DF SS MS F p 
BARDIA 2 9492 4746 2.72 0.072 
ERROR 78 136331 1748 
TOTAL 80 145824 
LEVEL N MEAN STDEV 
16 27 85.47 33.88 
20 27 101.03 41.06' 
J 
24 27 111.84 49.09 
POOLED STDEV = 41.81 
Table E-3 The notation and formula used in the one-way analysis of variance 
SOURCE DF ss 
TREATMENT a-1 SSTR=Sini(Xi-x)2 
Note: 
ERROR n-a SSE= SiSj(Xij-Xi)2 
TOTAL n-1 SSTR+SSE 
DF= degree of freedom 
SS= sum of the squar~s 
MS= mean square 
F= F ratio 
P= P- value 
SSTR = sum of the squares for the treatment 
SSE = sum of squares for the errors 
MSTR =:= treatment mean square 
MSE = error mean square 
Xij = the jth observation from level i 
Xi = sample mean for the level i 
a = number of levels 
n = total number of observation 
x = mean of all n observation 
MS 
MSTR= 
SSTR/(a-1) 
MSE = SSE/(n-
a) 
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F 
MSTR 
MSE 
. Table E-2 {~). in~icates that the embedm~nt length has· a significa-n~ influence on 
- the ultimate tensile strength. In fact, from the F-table, using a = 0.05, F = 3.13, the given 
F-ratio from Table E-2 (a) is 89.7, which is much greater than the table value. That means 
MSTR is very much larger than MSE, viz. the variation among the different levels is much 
greater than the variation due to random error. Each confidence interval is calculated by 
the formula: 
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where 
Xi = sample mean for level i 
ni = sample size for level i 
sp = (MSE)0·5, pooled standard deviation 
(E-7) 
t = value from t-table corresponding to 95% confidence and number of degrees 
of freedom 
As can be seen the 3 intervals are quite apart from each other indicating that the 
mean UTL for different embedment length will differ. Table E-2 (b), (c), (d) can be 
obtained using the same method. They show that: 
(1) With 95% significant, the mean UTL in different epoxies differs. 
(2) With 90% significant, the mean UTL in different edge distances or bar 
diameters are different. 
(3) The 95% confidence intervals and the means give us some idea of how the 
UTL means differ. 
(4). For different epoxies, the specimens with Araldite 2005 epoxy_ have a 
highest mean value of UTL among these three epoxies, furthermore, mean 
of UTL with K -80 is higher than that with West System. 
For different edge distances, the confidence interval between level one and level 
two seems closer than that between level two and level three. Furthermore, the difference 
of two means of UTL between level two and level three is higher than that between level 
one and level two. The reason for this is that fewer specimens failed due to wood failure 
in the specimens classified as level three of edge distance than. in the other two levels 
(Table 4.1 (c)): . 
3.2 Two-way analysis of variance 
The interaction between two factors can be investigated by using two-way analysis 
of variance. The interaction recognises the effect that one factor depends on the level of 
the other. Furthermore, using this method, one can discern whether the different levels of 
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the studied factor make any difference in ultimate tensile load. The analysis strategy is to 
use two factors out of four ignoring the others, i.e., only the epoxy and embedment length 
were considered when the interaction of these two factors was investigated ignoring bar 
diameter and edge distance effect. Only two-factor interaction was considered and 
presented in this appendix as from the nature of this experiment it is most unlikely that 3 
or more factors interact if any two factors do not interact. Furthermore, in this way, a 
tedious presentation can be avoided. The layout of combination of the analysis is as 
follows: 
epoxy - embedment length 
epoxy - bar diameter 
epoxy - edge distance 
embedment length - bar diameter 
embedment length - edge 
bar diameter - edge 
Table E-4 (a) Analysis of variance of UTL using bar diameter and embedment length as 
two factors 
SOURCE DF ss MS F 
BAR DIAMETER 2 9492 4746 10.59 
-
EMBEDMENT 2 101634 50817 113.43 
INTERACTION 4 2457 614 1.37 
ERROR 72 32240 448 
TOTAL 80 145824 
Table E-4 (b) Analysis of variance of UTL using epoxy and bar diameter as two factors 
SOURCE DF ss MS F 
'· 
' 
.. 
' 
--._, 
. . EP.OXY .:· . ,. I 
~ 
2 11892 5946 3.45 
BAR DIAMETER 2 9492 4746 2.75 
-. 
INTERACTION 4 412 103 0.06 
ERROR 72 124027 1723 
TOTAL 80 145824 
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Table E-4 (c) Analysis of variance of UTL using epoxy and embedment length as two 
factors 
SOURCE DF ss MS F 
EPOXY 2 11892 5946 13.86 
EMBEDMENT 2 101634 50816 118.45 
INTERACTION 4 1445 361 0.84 
ERROR 72 30852 429 
TOTAL 80 145824 
Table E-4 (d) Analysis of variance of UTL using epoxy and edge distance as two 
factors 
SOURCE DF ss MS F 
EPOXY 2 11892 5946 3.48 
EDGE 2 9965 4982 2.91 
INTERACTION 4 769 192 0.112 
ERROR 72 123197 1711 
TOTAL 80 145824 
Table E-4 (e) Analysis of variance of UTL using bar diameter and edge distance as two 
factors 
SOURCE DF ss MS F 
BAR DI.bMETER 2 __ 9492 A746 ·· 2;71 ··, 
.. ! 
EDGE 2 9965 4982 2.85 
INTERACTION 4 456 114 0.065 
ERROR 72 125910 1749 
TOTAL 80 145824 
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Table E-4 (f) Analysis of variance of UTL using embedment length and edge distance 
as two factors 
SOURCE DF ss MS F 
EMBEDMENT 2 101634 50817 117.36 
EDGE 2 9965 4982 11.51 
INTERACTION 4 3075 769 1.78 
ERROR 72 31149 433 
TOTAL 80 145824 
All of these tables were ca~culated and set out in the same manner, so that only 
one of the table needs to be defined and explained. For example, Table E-4 (a) was 
formed as: 
Source DF ss 
Factor 1 a-1 bnSiCXi .. -X)2 
Factor 2 b-1 anSj('X..j. - x)2 
Interaction (a-1)(b-1) nS·S·~ .. - x· -x · +x)2 I J IJ. 1.. .J. 
Error 
Total 
Note: 
ab(n-1) SiSjSk(Xijk - Xij) 
abn-1 SiSjSk(Xijk -X) 
a= number of levels in factor 1 
b = num}?-er of levels in factor 2 
n = number of observations in each cell 
Xijk = kth observation in cell (i,j) 
Xij = mean of the n observations in cell (i,j) 
Xi.. = mean of the bn observations in row i 
X.j. = mean of an observations in column j 
X. = mean of all observations 
MS 
SSractor tl(a-1) 
-
S S factor 2/ (b-1) 
SSinteractionl( ( a-1 )(b-1)) 
SSErroJ(ab(n-1)) 
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The notations for F-ratio are the same as recorded in the last section. The table 
combines the results from the computer and hand calculated F-ratio values. In order to 
establish whether there is statistically significant evidence of interaction between the bar 
diameter and embedment length, the F-ratio has been calculated as: 
(MSinteraction)/(MSError) = 614/448 = 1.37, and then this value was compared with the 
value from the F-table, with 4 degrees of freedom in the numerator and 72 in the 
denominator: the table values of 2.03, 2.5 and 3.62 correspond to a= 0.1, a= 0.05 and 
a = 0.01 respectively. Since the calculated value of 1.37 is smaller than those value 
from the F-table, there is no statistical evidence of any interaction between bar diameter 
and embedment length. For bar diameter, F-ratio = (MSBardia)/(MSError) = 10.59. The F-
table value with 2 degrees of freedom in the numerator and 72 degrees of freedom in the 
denominator is 4.94 for a= 0.01. This offers significant evidence of an overall effect of 
different bar. For embedment length, F-ratio = (MSEmbect)I(MSError) = 113.43 is much 
larger than F-table value of 4.94 for a= 0.01. The test indicates that th~re is highly 
significant evidence of a difference due to different embedment length. 
The calculation was similar for all factors and analysis results including F-ratios 
are listed in Tables E-4. F-table values are also summarised in the Table E-5 for 
comparison. Only six values were employed due to same degrees of freedom for each 
factor. 
Table E-5 Table values ofF-ratio used in the analysis 
Source Numerator Denominator F values 
-
a=0.1 a=0.05 a= 0.01 
Factor 2 72 2.38 3.12 4.94 
Interaction---- 4 - 72 2.03 2.5 .'3.62; I 
-J 
A conclusion drawn from the above analysis is that there is no significant 
evidence that any two factors interact. In general terms, there is statistical evidence of a 
difference among different levels of each factor. 
APPENDIXF 
COMPUTER PROGRAMME 
FOR THE FINITE ELEMENT MODEL OF THE CONNECTION 
Computer: DEC station 2100. 
Software: ABAQUS (1993). 
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Input: All parameters for the reference model (Tables 5.1 and 5.2). 
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*HEADING 
FILENAME: 3DA-l.inp 
WRITTEN BY XIXIAN DENG, 1994 
ELEMENT: C3D6 & C3D8 
MATERIALS: WOOD AS OTHOTROPIC, STEEL AND EPOXY 
TENSILE LOAD= 50KN 
EPOXY BOND WITH WOOD BUT STEEL AT BAR END 
*RESTART,WRITE,FREQUENCY=l 
*PREPRINT, ECHO=NO, HISTORY=NO 
*NODE,NSET=CENEND1 
1,0,0,0 
2,0,0,0 
3,0,0,0 
4,0,0,0 
*NODE,NSET=OUTEDGEA 
51,5,0,0 
101,9.5,0,0 
151,10,0,0 
201 '10.5,0,0 
251,11,0,0 
301' 11.5,0,0 
351,12,0,0 
401,12.5,0,0 
451,13,0,0 
*NODE 
751,50,0,0 
*NODE,NSET=A451 
451 
*NODE,NSET=A751 
751 
*NFILL,NSET=OUTEDGEB,BIAS=0.8 
A451 ,A 751,6,50 
*NSET,NSET=OUTEDGE1 
OUTEDGEA,OUTEDGEB 
*NCOPY,CHANGE NUMBER=4,0LD SET=OUTEDGE1 ,REFLECT=LINE,NEW 
SET=OUTEDGE2 
0,0,0,40,40,0 ~ 
*NGEN,NSET=ARC1 ,LlNE=C 
751,755,1' 1 
*NGEN,NSET=ARC2,LINE=C 
701,705,1,1 
*NGEN,NSET=ARC3,LINE=C 
651,655,1,1 
*NGEN,NSET=ARC4,LINE=C 
601,605,1' 1 
*NGEN,NSET=ARC5,LlNE=C 
551,555,1,1 
*NGEN,NSET=ARC6,LINE=C 
501,505,1,1 
*NGEN,NSET=ARC7 ,LINE=C 
451,455,1,1 
*NGEN,NSET=ARC8,LlNE=C 
401,405,1,1 
*NGEN,NSET=ARC9,LlNE=C 
351,355,1,1 
*NGEN,NSET=ARC 1 O,LINE=C 
301,305,1,1 
*NGEN,NSET=AR11,LINE=C 
251,255,1,1 
*NGEN,NSET=ARC12,LINE=C 
201,205,1,1 
*NGEN,NSET=ARC13,LINE=C 
151,155,1,1 
*NGEN,NSET=ARC14,LINE=C 
101,105,1,1 
*NGEN,NSET=ARC15,LINE=C 
51,55,1,1 
*NSET,NSET=OUTFACE 
CENEND 1,ARC1 ,ARC2,ARC3 
ARC4,ARC5,ARC6,ARC7,ARC8,ARC9 
ARC10,ARC11,ARC12,ARC13,ARC14,A:RC15 
*NCOPY,CHANGE NUMBER=30000,0LD SET=OUTFACE,REFLECT=MIRROR,NEW 
SET=BAREND 
0,0,150,50,0,150 
0,50,150 
*NCOPY,CHANGE NUMBER=15000,0LD SET=OUTFACE,REFLECT=MIRROR,NEW 
SET=BARMID 
0,0,75,50,0,75 
0,50,75 
*NCOPY,CHANGE NUMBER=3000,0LD SET=BAREND,REFLECT=MIRROR,NEW 
SET=EPOXYEND 
0;0,30 1.5,50,0,30 1.5 
~ 0,50,301 :5 
*NCOPY,CHANGE NUMBER=4000,0LD SET=BAREND,REFLECT=MIRROR,NEW 
SET=WOODEND 
0,0,30 1.5,50,0,30 1.5 
0,50,301.5 
*NCOPY,CHANGE NUMBER=5000,0LD SET=BAREND,REFLECT=MIRROR,NEW 
SET=FACE1 
0,0,303,50,0,303 
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0,50,303 . 
*NCOPY,CHANGE NUMBER=44000,0LD SET=OUTFACE,REFLECT=MIRROR,NEW 
SET=MIDFACE 
0,0,225,50,0,225 
0,50,225 
*NFILL,BIAS=0.8 
OUTFACE,BARMID,15,1000 
*NFILL,BIAS= 1.25 
BARMID,BAREND,15,1 000 
*NFILL 
BAREND,EPOXYEND,3,1000 
*NFILL 
FACE1,MIDFACE,10,1000 
*NSET,NSET=MIDEDGE1,GENERA TE 
44051,44751,50 
*NSET,NSET=MIDEDGE2,GENERA TE 
44055,44755,50 
*NSET,NSET=CENLIN1,GENERATE 
1001,43001,1000 
*NSET,NSET=CENLIN2,GENERATE 
1002,43002,1000 
*NSET,NSET=CENLIN3,GENERATE 
1003,43003,1000 
*NSET,NSET=CENLIN4,GENERATE 
1004,43004,1000 
*NSET,NSET=CENLIN 
CENLIN1,CENLIN2,CENLIN3,CENLIN4 
*NSET,NSET=V1,GENERATE 
55,44055,1000 
*NSET,NSET=V2,GENERA TE 
105,44105,1000 
*NSET,NSET=V3,GENERATE 
155,44155,1000 
*NSET,NSET=V4,GENERA TE 
205,44205,1000 
*NSET,NSET= V5,GENERATE 
255,44255,1000----
*NSET,NSET=V6,GENERA TE 
305,44305,1000 
*NSET,NSET=V7,GENERATE 
355,44355,1000 
*NSET,NSET=V8,GENERA TE 
405,44405 ,l 000 
*NSET,NSET=V9,GENERA TE 
455,44455,1000 
*NSET,NSEf=VlO,GENERATE 
505,44505,1000 
*NSET,NSEf= V 11 ,GENERATE 
555,44555,1000 
*NSET,NSET= V 12,GENERA TE 
605,44605' 1 000 
*NSET,NSET=V13,GENERATE 
655,44655,1000 
*NSET,NSEf=V 14,GENERA TE 
705,44705,1000 
*NSET,NSET=V15,GENERATE 
755,44755,1000 
*NSET,NSET=Hl,GENERA TE 
51 ,44051' 1000 
*NSET,NSET=H2,GENERA TE 
101,44101 '1 000 
*NSET,NSET=H3,GENERATE 
151,44151,1000 
*NSET,NSET=H4,GENERATE 
201,44201,1000 
*NSET,NSET=H5,GENERA TE 
251,44251,1000 
*NSET,NSET=H6,GENERA TE 
301,44301,1000 
*NSET,NSET=H7,GENERA TE 
351,44351,1000 
*NSET,NSET=H8,GENERATE 
401,44401' 1000 
*NSET,NSET=H9,GENERA TE 
451,44451,1000 
*NSET,NSET=H 1 O,GENERA TE 
501,44501,1000 
*NSET,NSET=H 11 ,GENERATE 
551,44551' 1000 
*NSET,NSET=H 12,GENERATE 
601,44601,1000 
*NSET,NSET=Hl3,GEN~A TE 
_651 ,44651 '1 000 
*NSET,NSET=H 14,GENERATE 
701,44701,1000 
*NSET,NSET=H 15,GENERATE 
751,44751,1000 
*NSET,NSET=HALL 
HI ,H2,H3,H4,H5,H6,H7 ,H8,H9 
H10,H11,Hl2,H13,Hl4,H15 
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*NSEf,NSET=V ALL 
V1,V2,V3,V4,V5,V6,V7,V8,V9 
V10,V1l,V12,V13,V14,V15 
*NSET,NSEf=CENEND2,GENERA TE 
44001,44004,1 
*ELEMENT,TYPE=C3D6 
1,1 ,51,52,1001' 1051,1052 
125,31001,31051,31052,32001,32051,32052 
*ELEMENT,TYPE=C3D8 
501,51,101,102,52,1051,1101,1102,1052 
1001,101,151,152,102,1101,1151,1152,1102 
625,31051,31101,31102,31052,32051,32101,32102,32052 
1125,31101,31151,31152,31102,32101,32151,32152,32102 
1501,151,201,202,152,1151,1201,1202,1152 
*ELGEN 
1 ,4, 1 '1 ,30, 1000,4 
*ELGEN 
125,4,1, 1,13,1000,4 
*ELGEN 
501,4, 1,1 ,30,1000,4 
*ELGEN 
625,4,1 ,1,13,1000,4 
*ELGEN 
1001,4,1 ,1,30,1000,4 
*ELGEN 
1125,4,1,1,13,1000,4 
*ELGEN 
1501,4,1 '1 ,44, 1000,4,12,50,500 
*ELSET,ELSET=STEEL,GENERA TE 
1,120,1 
501,620,1 
1001,1120,1 
*ELSEf,ELSET=EPOXY,GENERATE 
125,136,1 
625,636,1 
1125,1136,1 
1501,1636,1 
2001,2136,1 . 
2501,2636,1 
3001,3136,1 
3501,3636,1 
4001,4136,1 
*ELSET,ELSET=WOOD,GENERA TE 
137,176,1 
637,676,1 
1137,I176,I 
I637, I676, I 
2I37,2I76,I 
2637,2676, I 
3137,3I76,I 
3637,3676,I 
4I37,4I76,I 
450 I ,467 6, I 
500I,5176,I 
550I,5676,1 
6001,6I76,1 
650I,6676,1 
7001,7176,1 
*ELSET,ELSET=BAEND,GENERATE 
1,4,1 
501,504,1 
1001,1004,1 
*MA TERIAL,NAME=STEEL 
*ELASTIC 
2E5,0.3 
*MATERIAL,NAME=WOOD 
*ELASTIC,TYPE=ENGINEERING CONSTANTS 
.585E3,.585E3,9E3,.41 ,.037 ,.037 ,.06E3,.582E3 
0.582E3 
*MA TERIAL,NAME=EPOXY 
*ELASTIC 
4E3,0.3 
*SOLID SECTION,ELSET=STEEL,MATERIAL=STEEL 
*SOLID SECTION,ELSET=WOOD,MA TERIAL=WOOD 
*SOLID SECTION,ELSET=EPOXY ,MA TERIAL=EPOXY 
*BOUNDARY 
MIDFACE,3,3 
VALL,1,l 
HALL,2,2 
CENLIN,l,2 
CENENDl,I,2 
CENEND2, l ,3 
. -*PLOT,TRUE SCALE=0.02 
*VIEWPOINT 
0,0,[ 
*STEP,PERTURBATION 
*STATIC 
*DLOAD 
BAEND,Pl,-159.2 
*END STEP 
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